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Summary 
Genetic selection to increase lamb growth is advantageous in reducing the time it takes 
for lambs to reach market weight. However the effects of rapid growth on muscle fibre 
type, as indicated by oxidative capacity, is not clear. Muscle fibre type is intrinsically 
linked with attributes of meat quality, which are becoming increasing important to 
consumers. Therefore, changes to muscle fibre type through selection for growth may 
impact meat quality.  
Producers can impact lamb growth at any time during the growth period including the 
weaning (100 days) and post weaning time points (150 days). As not all lambs were 
weighed at these time points a growth curve was fitted to the live weight data of each 
individual animal to allow weight to be estimated at any time point during the growth 
period. Once estimates of weight and growth rate at the weaning and post weaning time 
points were obtained, the impact of growth on muscle fibre type and meat quality traits 
could be investigated.  
In the first experiment growth curves were fitted to live weight data for 18,185 lambs 
with weight data between birth and 300 days. Linear (cubic polynomial), nonlinear 
(Brody) and random effects models were fitted and the characteristics of the residual 
values examined to determine the best curve fit. The random effects model was 
hypothesised to have the lowest residual values as it is based on a population, rather 
than an individual fit, and is less biased when fitting growth curves to weight recordings 
from animals with different durations of data collection. However, the cubic polynomial 
fit had the lowest average residual values and the Brody fit had the highest. The 
difference between the residual values for the fit of each function was relatively small 
therefore the decision on which function to use was based on a variety of additional 
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factors. As it is a population based fit, a random effects model accommodates missing 
weight recordings and different durations of data collection, which are common with 
industry data recording, without biasing the fit. A random effects model also allows 
environmental effects specific to the time of recording to be accounted for and can 
accommodate genetic differences in the shape of each animal’s growth curve. Based on 
these characteristics the estimates of lamb weights and growth rates from the random 
effects model were used in this thesis.   
In the second experiment the impact of production factors on lamb weight at key time 
points in production were analysed. While several studies have published information 
on these effects the studies were generally small. Therefore, this analysis acted as a 
benchmarking for the magnitude of the effects, based on large data. The full expression 
of the post weaning weight breeding value is depressed with poor nutrition so an 
analysis was performed to determine the extent to which other forms of nutritional 
restriction, including lamb and dam factors such as birth type, dam breed and dam age, 
moderate the expression of the growth breeding value. As expected, factors such as 
multiple births, which act as a source of nutritional restriction, reduced the full 
expression of the growth breeding value and hindered lambs reaching expected weights.  
Muscle oxidative capacity is intrinsically linked to lamb growth and meat quality so in 
the third experiment the influence of genetic selection for growth on muscle oxidative 
capacity was examined. Oxidative capacity was indicated by the activity of the 
oxidative enzyme isocitrate dehydrogenase as well as the concentration of myoglobin in 
the muscle. As expected, genetic selection for growth reduced isocitrate dehydrogenase 
activity and myoglobin concentration. The reduction in oxidative capacity with 
increased growth was due to lambs tending toward a larger matures size and therefore 
being physiologically less mature at a given weight 
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The impact of lamb growth on oxidative capacity and meat quality has previously been 
estimated by the impact of the sire breeding value for growth on these traits or by using 
hot carcass weight as a proxy for whole of life growth. However the accuracy of these 
measures of growth is untested. The lamb weights and growth rates derived in the 
second experiment were used to determine the real impact of growth on oxidative 
capacity and meat quality. The impact of genetic selection on growth, or the use of hot 
carcass weight as a proxy for the impact of growth on meat traits, were both shown to 
be inadequate in quantifying the magnitude of the effect of growth on meat quality traits 
and indicating how the effect of growth varied with time.  
In the fourth experiment the impact of lamb growth on intramuscular fat, shear force 
and consumer overall liking was examined. Intramuscular fat was increased and shear 
force was reduced with lamb growth. Intramuscular fat and consumer overall liking 
have a positive association however contrary to expectations growth had no impact on 
overall liking. This is likely to be due to influences on overall liking other than 
intramuscular fat.  
In the final experiment the impact of lamb growth in isocitrate dehydrogenase activity, 
myoglobin concentration, iron and zinc concentration and meat browning were 
examined. As hypothesised, myoglobin, iron and zinc concentrations increased with 
lamb growth. Contrary to expectations isocitrate dehydrogenase activity and meat 
browning were reduced with lamb growth. Meat browning was thought to reduce due to 
its strong association with oxidative capacity and thus the oxidative indicator enzyme 
inverse isocitrate dehydrogenase.  
These experiments have contributed to the sheep industry at a highly practical and 
adoptable level showing why the full potential of genetic selection for growth may not 
be realised and demonstrating the impact of growth on meat eating quality. Currently, 
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increased growth in lambs, particularly in the early stages between birth and weaning 
has positive effects on meat quality however lambs had few weights recorded between 
these times so work needs to be done to characterise these associations.    
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Chapter 1. Introduction  
  
Lamb growth is a key profit driver for producers in the Australian Sheep Industry, 
particularly with the fall in wool prices causing a shift toward meat production (Curtis 
et al., 2006). Lambs with fast growth rates will reach market weights earlier, resulting 
in an overall lower cost of production per lamb and an increase in farm profitability. 
Australians have among the highest sheep meat consumption in the world with each 
person consuming around 10 kg of lamb per year (MLA, 2013). This resulted in a 
domestic expenditure on lamb of around $2 billion in the 2012-2013 financial year 
(MLA, 2013). As demand for protein in the form of red meat is increasing worldwide, 
increasing efficient lamb production is desirable. 
Productivity in lamb production can be increased by optimising nutrition, and genetic 
selection for improvement is becoming more widely adopted. Historically, increased 
growth in progeny was achieved by cross breeding, or selecting animals with higher 
weaning, post weaning or hogget weights. This caused some improvement due to the 
heritability of weight (Safari and Fogarty, 2003). However, in recent times genetic 
evaluation systems such as LAMBPLAN™ and MERINOSELECT™ have been 
developed by Sheep Genetics to provide an objective measurement of important 
production traits, including lamb growth. Producers are able to use the genetic estimates 
to select sires with the desirable trait characteristic and based on the accuracies provided 
have confidence that the progeny of that sire will inherit the benefits of that trait. More 
recently, genomic testing has become available, which further aids producers when 
selecting prospective sires.  
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However, selection for growth has raised a number of questions concerning its broader 
impact on the physiology of the animal including the impact of selection for increased 
growth on muscle fibre type. This is important as muscle fibre type is intrinsically 
linked with both subjective and objective measures of meat quality (Calkins et al., 1981; 
Calnan et al., 2014; Hocquette et al., 2010; Pearce et al., 2009). Subjective measures of 
eating quality include customer rated tenderness, flavour, juiciness and overall liking 
(Polkinghorne et al., 1999)    while objective measures include intramuscular fat, shear 
force, meat colour and mineral content. Therefore any impact of growth on muscle fibre 
type could have correlated impacts on meat quality and consumer acceptability. The 
meat quality traits of interests selected at the outset of this study were indicators of 
eating quality (intramuscular fat, shear force and consumer overall liking), indicators of 
meat nutrition (iron and zinc concentration) and indicators of retail shelf life (rate of 
meat browning).  
Production factors include the site of lamb rearing, year of birth, sex, age, dam breed, 
dam age and sire type. These factors have been shown in a number of studies to impact 
growth, however the results vary in magnitude due to small sample sizes. Therefore a 
study needs to be undertaken to quantify the magnitude of the impact of production 
factors on lamb growth, based on a large data set. 
In addition to production factors influencing growth, genetic selection for growth using 
Australian Sheep Breeding Values (ASBVs) also influence growth with lamb weight 
increasing with selection for an increased post weaning weight (PWWT). However the 
full impact is reduced by suboptimal ewe nutrition (Hegarty et al., 2006c). As 
production factors such as dam breed, dam age and lamb birth type (single or multiple) 
can act as a source of nutritional restriction, the impact of PWWT may vary with these 
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production factors. This is important to investigate so producers can temper their 
expectations of lamb weights based on production factors when using ASBVs.  
Impacts of genetic selection for increased growth using ASBVs on measures of meat 
quality have been published. Selection for increased growth via an increased PWWT 
has no impact on intramuscular fat (Pannier et al., 2014c), consumer overall liking 
(Pannier et al., 2014a), iron and zinc concentration (Pannier et al., 2014b) or rate of 
meat browning (Calnan et al., 2014). While these meat quality traits not impacted by 
selection for increased growth via the PWWT ASBV, what remains to be investigated is 
the impact of PWWT on indicators of oxidative capacity and thus fibre type. 
Meat Standards Australia (MSA) is an eating quality program for beef and sheep meat, 
based on extensive consumer research (MSA, 2012). All sheep meat which falls under 
the banner of the MSA program has to meet strict criteria including a minimum weight 
gain of 100-150 g/day, depending on breed, for 2 weeks prior to consignment. Thus 
animals need to be fed to potential with appropriate nutrition to reach these growth 
rates. As nutrition is an effect of environment, and the magnitude of the impact of 
environment on meat traits in the studies above was larger than the magnitude of the 
impact of genetic selection, growth itself may impact on meat traits. Hot carcass weight 
has been used as a proxy for whole of life growth rate to indicate the association 
between meat traits and growth (Calnan et al., 2014; Pannier et al., 2014a; Pannier et 
al., 2014b; Pannier et al., 2014c). However, how carcass weight is dependent on age at 
slaughter and is unlikely to be an accurate measure of whole of life growth rate. Rather 
weight at a given age becomes less representative of growth and more representative of 
environmental influences as animals get older. Furthermore, lamb growth is sigmoidal 
while the association between hot carcass weight and growth indicates a linear 
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relationship. Therefore, the hot carcass weight effect cannot illustrate how the 
association between growth and meat traits may vary across time.   
The impact of lamb growth on meat traits needs to be investigated at key time points in 
production such as birth, weaning and post weaning to determine whether growth 
impacts meat traits and these time points and to quantify the magnitude of the effect. 
This approach will also demonstrate how the association varies with time and show the 
window of opportunity for the traits to be manipulated through growth. 
Estimation of lamb growth at birth, weaning and post weaning time points is essential to 
the implementation of appropriate management and feeding strategies to allow lambs to 
grow to their full potential, increasing farm profitability. To sustain long term 
profitability the potential impact of this growth on muscle fibre type and meat quality 
needs to carefully examined as consumers are increasingly demanding, and willing to 
pay for, increased eating quality (Pethick et al., 2006a). As lamb growth impacts the 
economic viability of a production system the focus of these experiments was at a 
highly practical and adoptable level for industry. 
The Australian Cooperative Research Centre (CRC) for Sheep Industry Innovation 
established an Information Nucleus Flock (INF) in 2007. It produced approximately 
2,000 lambs for slaughter each year over a 5 year period. Objectives of the INF include 
the measurement of a diverse range of phenotypic traits, including lamb weight, 
estimation of the heritability of traits and estimation of genetic correlations between 
traits (Mortimer et al., 2014). Information pertaining to genetic factors, such as sure 
type and sire breeding values, and non-genetic factors such as site of rearing, year of 
birth, sex, birth type-rear type combination, dam age and kill group were recorded or 
calculated for each animal. The analysis and findings presented in this thesis are based 
on date collected during the INF project.   
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Chapter 2. Literature Review 
 
2.1 Animal growth  
Animal growth is characterised by a change in live weight with time as animals follow a 
trajectory to a final or mature size (Brody, 1945; Parks, 1982). This growth trajectory is 
sigmoidal in nature (Figure 2-1) with an initial lag phase followed by the greatest 
growth rate immediately after birth in the exponential phase. Growth rate then declines 
as the animal nears its mature weight in the transitional phase which is followed by a 
stable mature weight in the plateau or stationary phase after which further growth is 
retarded (Hendrick et al., 1989).  
 
 
 
 
 
 
 
Figure 2-1: A growth curve demonstrating the phases of growth with time: lag, 
exponential growth, transitional diminishing growth and the stationary plateau at 
maturity 
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Weight change measured over time results in longitudinal time series data.  
Longitudinal data can be difficult to analyse, particularly if not all animals are weighed 
at the time of interest. One option is to discard the weight information from animals not 
weighed at the time of interest (Fitzhugh, 1976). However, incomplete weight data 
recordings are common in industry therefore utilisation of the data that is available is 
essential. 
To overcome this, linear and nonlinear mathematical functions have been used to 
estimate this sigmoidal shape based on available weight recordings. This results in the 
ability to estimate weight for animals at times of interest, regardless of whether they 
have been weighed at this time.  
 
2.2 Growth curves 
In an industry setting, animals are rarely weighed on a daily basis. In addition to the 
labour and equipment required, weighing animals close to birth may increase the risk of 
mis-mothering. Australian production systems are based on extensive grazing where 
animals cannot practically be herded for weighing on a daily basis. Technologies such 
as electronic identification and walk over weighing provide opportunities for the 
collection of real time live weight measurements, however these technologies are still 
being refined for use in extensive grazing systems (Brown et al., 2015; Scott, 2014).  
A practical solution is the fitting of a growth function to available live weight data so 
that weight can be estimated on a given day or across a time period of interest. This also 
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allows for the estimation of instantaneous growth rates which give an indication of how 
the shape of the growth curve is changing.  
Growth functions can be fitted on an individual or population basis using linear or 
nonlinear functions. Each methodology has advantages and limitations, as outlined 
below in Sections 2.2.1, 2.2.2 and 2.2.3. 
2.2.1 Linear functions  
A linear function is fitted on an individual animal basis and describes a simple 
relationship where weight is a function of time only. This is true for polynomial 
functions. Thus, linear, quadratic, cubic and quartic polynomials are all linear functions. 
An example of first and third order polynomial functions fitted to lamb live weight data 
is shown in Figure 2-2. 
 
 
Figure 2-2 Graph of a linear (···) and cubic polynomial function (—) fitted to lamb live weight data (o) in 
kilograms against time in days. 
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Initially, all animals have simple linear growth. However lambs often experience a 
setback immediately after weaning (Atkins and Thompson, 1979) resulting in weight 
loss, which is difficult  to capture and quantify with a linear function (Emmans, 1997). 
This results in an general lack of ability to describe growth over the entire range of life 
from conception to adulthood (Taylor, 1978).  
Linear functions are useful for the ability fit live weight data with ease, however there 
are notable limitations to their use. When a linear function is used to model growth, the 
curve parameters do not have biological interpretations, limiting the usefulness of the 
information. Some linear functions also have unrealistic asymptotes, where weight 
approaches but never reaches an extremely high or low weight value. For a cubic 
polynomial, this can result in extreme overestimation of weight close to adulthood. This 
effect is minimised when the function is fitted over a narrow range of weights where the 
function has good fitting characteristics. For these reasons, individually fitted linear 
functions are not used as commonly as nonlinear functions to model growth.  
2.2.2 Nonlinear functions 
Nonlinear functions are fitted on an individual basis and describe a relationship where 
weight is a function of several parameters, one of which is time. Other parameters can 
include birth weight, mature weight and growth rate, depending on the nonlinear 
function used. Nonlinear functions are favoured as their parameters have simple 
biological interpretations.  
A number of nonlinear models are available with Parks (1982) demonstrating ten 
nonlinear models that have been used to describe size-age relationships in animals. The 
most commonly used functions are the Brody (1945), von Bertalanffy (1957), Richards 
(1959), Logistic (Nelder, 1961), and Gompertz (Laird, 1965). These are based on 
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exponential functions, are sigmoidal in nature and reach an asymptotic value, equivalent 
to an adult or mature weight, with time.  
When the fit of nonlinear functions are compared, there is generally no one function 
which fits best in all circumstances.  Rather, the function that best fits live weight data 
varies with both species and breed, as seen in Sections 2.2.2.1 and 2.2.2.2.  
2.2.2.1 Nonlinear functions in sheep 
The Gompertz function is empirically used to model growth in sheep in some studies, 
without comparison with other functions. This is demonstrated in the Friggens et al. 
(1997), Zygoyiannis et al. (1997) and  Lewis et al. (2002) experiments. 
However, each of the five functions mentioned in Section 2.2.2 has been assessed as the 
best fit for sheep live weight data in at least one comparative study. The Brody function 
demonstrated the best fit in the Gbangboche et al. (2008) experiment on West African 
Dwarf sheep while the Logistic function had a superior fit for Brazilian sheep breeds in 
both the McManus et al. (2003) and Malhado et al. (2009) experiments.   
Richards and Gompertz functions were considered to have equally good curve fits for 
Texel and Scottish Blackface lambs in the Lambe et al. (2006) experiment while in the 
Topal et al. (2004) experiment the Gompertz function resulted in the best fit for the 
Morkaraman breed, while the von Bertalanffy function was the best for the Awassi 
breed.  
The lack of a single nonlinear function which best fits live weight data is not unique to 
sheep, with similar findings in cattle. With a lack of continuity in the best fitting 
nonlinear function to use, factors such as ease of computation and proportions of 
convergence become important considerations.  
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2.2.2.2 Nonlinear functions in cattle 
A study in cattle showed that for two varying breeds, purebred Hereford and a 
composite of Charolais, Angus and Galloway, the Richards function provided the best 
overall fit to both sets of data (Goonewardene et al., 1981). The Richards function also 
demonstrated the best fit in the Brown et al. (1976) and Denise and Brinks (1985) 
experiments although it was noted in both experiments that the Brody function fit was 
faster, computationally easier and resulted in similar estimated weights to the Richards 
function. When Malhado et al. (2009) used the Richards function in sheep it had 
difficulty converging limiting the usefulness of the function.  
The Richards function, which is based on plant growth, is highly flexible however it has 
no fixed inflection point which hinders the iterative process for the adjustment in the 
function. Nonetheless, it has been used to describe growth in multiple species including 
chickens (Gous et al., 1999; Hancock et al., 1995), pigs (Ferguson and Gous, 1993a, 
1993b; Knap, 2000), quail (Akbas and Yaylak, 2000) and whales (Clark et al., 2000). 
Despite the prevalence of the use of the Richards function it is not always the best 
fitting function for live weight data with the Brody function (1945) having the best fit 
for Angus cattle in the Beltrán et al. (1992) experiment and the von Bertalanffy function 
(1957) function having the best fit in Retinta beef cattle in the López de Torre et al. 
(1992) experiment.   
2.2.2.3 Brody function 
The Brody function (1945) has been used to model growth in sheep due to ease of 
estimation, simplicity of interpretation (Bathaei and Leroy, 1996; Bathaei and Leroy, 
1998; Topal et al., 2004) and its versatility (de Freitas, 2005).  
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Originally Brody (1945) intended the equation to be used after the point of inflection in 
the self-inhibiting phase of growth, however no restrictions were placed on the values 
for time (Doren et al., 1989). This may account of the tendency for the function for 
overestimate early life growth. An example of the Brody function is shown in Figure 
2-3.  
 
Figure 2-3 A typical graphical representation of lamb live weight data with a Brody function fitted to 
lamb live weight data (o) in kilograms against time in days.  
 
In cattle the Brody function is also used to model weight (Doren et al., 1989) providing 
the best fit between 18 months and maturity of Angus cattle in the Beltrán et al. (1992) 
study. Before 18 months of age the Richards function gave the best fit due to the slight 
overestimation of early weights with the Brody model, a fitting characteristic alluded to 
previously.  
A main disadvantage of the Brody function, and all functions fitted on an individual 
basis, is the inability to accommodate different durations of data collection without 
introducing bias estimating weights close to the edge of the available data. Population 
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based functions are less biased, accommodating different lengths as well as frequencies 
of data. 
2.2.3 Random Effects Model 
A random effects model is a curve fitting methodology based on a population fit, with 
the curve of each individual animal varying from the population curve. It is based on 
polynomial functions with random coefficients, with orthogonal Legendre polynomials 
chosen for their convergence properties (van der Werf and Schaeffer, 1997). A random 
effects model is favoured for its ability to allow for variation in the covariance of weight 
measurements with time. 
 
Population based models have been widely used for the analysis of longitudinal data in 
animals including live weight gain in pigs  (Andersen and Pedersen, 1996), cattle 
(Meyer, 1999; Meyer, 2000) and sheep (Fischer et al., 2004; Lewis and Brotherstone, 
2002).  
There are a number of important advantages, with the models able to be used for 
animals with relatively few weight recordings or animals with records that are unevenly 
distributed across ages of measurement (Fischer and Van der Werf, 2002). Therefore 
random effects models can easily accommodate missing weight data from individual 
animals, with the curve being informed by animals with similar genetic and 
environmental effects (for example; sex, dam age and sire type). The ability to 
accommodate different durations of data collection results in less biased estimates of 
weight. The methodology also allows environmental effects specific to the time of 
recording to be accounted for, and differences in the shape of each animals growth 
curve can be accommodated (Lewis and Brotherstone, 2002).  
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A noted limitation is that nonlinear models cannot currently be accommodated (Lewis 
and Brotherstone, 2002) so the coefficients do not have a clear biological interpretation. 
Furthermore, when polynomials are used there is instability at the edges of the 
trajectory (Fischer and Van der Werf, 2002; Meyer, 2002; van der Werf and Schaeffer, 
1997) potentially leading to the overestimation of weight close to maturity.  
The instability due to the use of polynomials is currently unresolved. Lewis and 
Brotherstone (2002) proposed transforming nonlinear function into their linear analogue 
(Portolano and Todaro, 1997) however this may require several transformations of the 
nonlinear functions. Attempts to fit such a model have been problematic with difficulty 
defining starting values and achieving convergence.  
2.2.4 Residual weight 
As the fit of a growth function appears to vary between breeds and experiments, it is 
important to be able to compare different fits. Residual weight, the difference between 
the estimated weight and the live weight recording, is commonly used as a measure of 
curve fit as it is applicable to both linear and nonlinear curves. Average, squared or 
summed residual weights have all been have been used to determine curve fit in sheep 
(Topal et al., 2004) and cattle (Brown, 1970; Brown et al., 1976; Goonewardene et al., 
1981; Parks, 1982).  
An advantage of the use of residual weights to determine curve fit is that residual 
weight values are produced for each weight recording for each animal. Thus, curve fit 
during different periods of growth can be determined by assessing residual weights 
across the entire curve fit, as well as during the time period of interest.   
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2.3 Growth and tissue differentiation 
The body is composed of bone, muscle, fat and viscera. Carcass composition refers to 
the proportion of these tissues in the body (Berg and Butterfield, 1968). Bone, muscle 
and fat vary in their rates of maturation (Berg and Butterfield, 1968; Butterfield, 1988). 
During early growth muscle and bone growth predominate over fat deposition (Perry 
and Thompson, 2005). As sheep mature, the proportion of bone declines, muscle 
remains stable and the proportion of fat increases (Lewis et al., 2004; Thompson et al., 
1985a). Thus muscle and bone have been described as early maturing tissues and fat as 
a late maturing tissue (Butterfield et al., 1983; Butterfield et al., 1984), as seen in Figure 
2-4. 
 
Figure 2-4 Change in carcass fat, muscle and bone as a portion of mature live weight during allometric 
growth: Source (Butterfield et al., 1984) 
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An animal of large mature size takes a longer time to reach its mature weight than the 
animal of small mature size. Differences in composition are evident when comparing 
lambs tending toward different mature sizes. At a given age, the lamb tending toward a 
large mature size will be less mature and therefore have a greater proportion of bone 
and muscle than a lamb tending toward a smaller mature size which will be more 
mature and have a greater proportion of fat  (Berg and Butterfield, 1968; Butterfield et 
al., 1984).  
Mature size can vary with genotype, environment and production factors such as sex. In 
the Australian lamb industry, selection pressure has been place on Terminal sire breeds 
(Brown et al., 2007) for increased growth (Hall et al., 2002). This has resulted in leaner 
carcasses at slaughter as the progeny of Terminal sires are reaching target market 
weight when they are younger and less physiologically mature.  
Despite selection pressures, when lambs do reach maturity they have similar 
proportions of body tissues regardless of mature size (Thompson et al., 1985a). 
Therefore there is no discernible difference between breeds of sheep in the rate of 
maturation of bone, muscle and fat and breed differences in composition largely reflect 
differences in maturity.  
Mature size can vary with season. Between weaning and maturity, body composition is 
subject to seasonal changes with Merino rams having increased fat weight during 
summer and muscle weight during winter and Merino ewes having increased fat weight 
during autumn in ewes (Ball et al., 1996).   
Mature size also varies between sexes leading to variations in carcass composition at 
maturity between rams, wethers and ewes despite similar patterns of maturation of 
bone, muscle and fat. This was confirmed by Butterfield et al. (1984) who demonstrated 
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a greater proportion of muscle in rams and a greater proportion of carcass fat in wethers 
and ewes.  
 
2.4 Production factors influencing growth 
Lamb growth is influenced by a variety of genetic and production factors. These factors 
include sex, mature size, breed, nutrition, birth type and dam factors. An understanding 
of the impact of these production factors on growth has specific advantages for 
producers. 
Producers are able to manipulate some production factors, such as breed and nutrition, 
to achieve specific goals in lamb production including accelerated lamb growth. Other 
factors, such as sex and birth type, are more difficult to manipulate, although an 
understanding of how their impact on growth varies allows producers to moderate 
expectations.  
2.4.1 Sex 
It is well established that male lambs have a heavier mature weight and are heavier than 
female lambs at any given age (Gbangboche et al., 2008; Gbangboche et al., 2006b; 
London and Weniger, 1994; Thompson et al., 1985a). Weight varies between male 
lambs with entire male lambs heavier than castrate lambs. This is largely due to higher 
levels of testosterone, a potent muscle growth stimulant, in entire male lambs 
(Lawrence and Fowler, 2002). Thus, entire male lambs are heavier than castrate lambs 
which are heavier than ewe lambs (Afolayan et al., 2007). 
To achieve heavier weights, entire male lambs grow significantly faster than both 
wether or ewe lambs (Lee et al., 1990). Likewise, Lee et al. (1990) found that wethers 
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grew faster than ewe lambs during early life growth, achieving heavier weights. Post 
weaning, ewe lambs were found to grow faster than wether lambs although wether lamb 
weights were not reached before lambs were slaughtered at six months of age.  
While entire male lambs are faster growing and heavier than wether lambs it may not be 
practical in a production setting to keep all male lambs entire. Ewe lambs are even 
slower growing than wether lambs and will take longer than wether lambs to reach 
target weights.  
2.4.2 Genetics 
2.4.2.1 Breed 
In Australian sheep production sire types are classified by Sheep Genetics as Terminal, 
Maternal or Merino (Brown et al., 2007). Terminal breed characteristics include rapid 
lean growth of lambs, such as for prime lamb production. There are many Terminal 
breeds, some of which include Suffolk, Texel and Poll Dorset. Maternal breeds such as 
the Border Leicester and Dohne Merino have well developed reproductive and 
mothering traits. Merino breed characteristics include superior wool production with 
Merino breeds including Merino and Poll Merinos. Composite breeding has become 
more common in the Australian sheep industry and when coupled with heterosis can 
lead to increased fertility and litter size compared to the parental mean (Fogarty et al., 
1984). 
Breeds differ in their mature weights and in the length of time taken to reach maturity 
(Schreurs et al., 2008). The impact of sire and dam breeds on growth potential in their 
progeny is largely a reflection of the mature size of the breed. Aligning with this, 
progeny of Terminal breeds have been shown to be heavier than the progeny of 
Maternal breeds at all ages (van der Werf and Wheaton, 1999). The progeny of breeds 
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with a larger mature size also have higher growth rates during all phases of growth than 
the progeny of breeds with a smaller mature size (Perry and Thompson, 2005). This was 
demonstrated by Thompson and Parks (1983) who showed food intake, efficiency and 
consequent growth were largely functions of the mature size of the animal. 
Ewe breed is a significant predictor of lamb birth weight (Afolayan et al., 2007; Holst et 
al., 2002) which is positively correlated with adult or mature weight (Huisman and 
Brown, 2008). A group of studies evaluating the impact of ewe breed on the weight and 
growth rate of the progeny demonstrated that lambs from Border Leicester-Merino ewes 
were both heavier than lambs from Merino ewes at birth (Holst et al., 2002) and had 
higher pre weaning growth rates (Atkins, 1980; Atkins and Gilmour, 1981; Atkins and 
Thompson, 1979). Specifically, Atkins and Thompson (1979) demonstrated a 40 gram 
per day higher pre weaning growth rates in the progeny of Border Leicester-Merino 
dams compared to the progeny of Merino dams. 
Sire and dam breed both contribute to lamb growth and a change in genotype through 
the introduction of a new breed or cross can impact lamb weights and growth rates in a 
production system focused on high lamb growth.  
2.4.2.2 ASBVs 
Australian Sheep Breeding Values (ASBVs), developed by Sheep Genetics, are used to 
make targeted genetic change within individual production systems within the 
Australian sheep industry. Sheep Genetics analyses performance values, pedigree 
information and relevant environmental and management information to determine 
ASBVs for economically significant growth, wool, fertility, fitness and carcass traits 
(Brown et al., 2007). There are several main components including LAMBPLAN™ for 
Terminal and Maternal breeds and MERINOSELECT™ for Merino and Merino-based 
breeds.   
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ASBVs are essentially an estimate of how that animals progeny will perform for a range 
of traits (Brown et al., 2006) and contain information about the name of the trait, the 
stage at which the effect is expected in progeny, an ASBV value and an accuracy, as 
seen in Figure 2-5. Using ASBVs producers can select for increased growth in lambs. 
This is achieved by selecting for a higher ASBV value for weight at the desired time 
such as at birth, weaning or post weaning.  
 
 
 
Figure 2-5 Interpretation of an Australian Sheep Breeding Value (ASBV) for post weaning weight based 
on value, trait, age and accuracy. Source: Sheep Genetics 
 
Producers are also able to select for changes in multiple traits at once using a selection 
index. A selection index combines the values of ASBVs for several different traits into 
one number. As can been seen in Figure 2-6 rams with differing ASBVs for weight, 
muscle and fat may have a similar index value based on the weighting applied to each 
individual ASBV. Indexes vary based on the breeding objective of the particular index. 
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For example, the Carcase Plus index has a 60% emphasis on increasing growth, 20% on 
decreasing fat and 20% on increased eye muscle depth.  
 
 
Figure 2-6 Selection index for rams (circled) based on Australian Sheep Breeding Value for weight 
(PWT), muscle (PEMD) and fat (PFAT). Source: Sheep Genetics 
 
With the fall in wool prices there is an increasing shift toward meat production (Banks, 
2002; Curtis et al., 2006) and thus breeding for improved growth and carcass 
characteristics. In Merinos, characteristics of live weight, fat depth and eye muscle 
depth have been shown to be moderate to highly heritable. Therefore there is  merit in 
selection for these characteristics using breeding values (Clarke et al., 2003) with 
ASBVs reliably predicting yearling and hogget weights in Merinos (Brown et al., 
2005). 
Industry focus in on large, lean lambs with increased average slaughter weights (Hall et 
al., 2002; Pethick et al., 2006a). This is achieved through multi trait selection to provide 
simultaneous improvements in growth, fat depth and muscle depth (Banks et al., 2002).  
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Post weaning weight 
Australian lamb producers select for lamb growth via an increased sire post weaning 
weight (PWWT) ASBV. Selection for growth produces heavier lambs (Fogarty et al., 
1997; Hall et al., 2002) with increased mature size (Huisman and Brown, 2008), growth 
rate (Thompson et al., 1985b), weight at slaughter and hot carcass weight (Gardner et 
al., 2015; Gardner et al., 2010). Thus when lambs from high PWWT sires are compared 
to lambs from low PWWT sires of the same age they are less physiologically mature.  
The expression of the growth ASBVs in lambs, such as PWWT, is negatively impacted 
by low nutrition of both the lamb (Hall et al., 2002; Hegarty et al., 2006b) and the ewe 
(Hegarty et al., 2006c). In addition to environmental factors, production factors such as 
multiple births, dam breed and dam age may restrict lamb nutrition.  
Post weaning fat depth 
Selection for a reduced post weaning fat depth (PFAT) in lambs reduces fat depth at the 
c-site (5cm from the midline over the 12
th
 rib) in the loin (Hall et al., 2002; Hegarty et 
al., 2006b), GR tissue depth (110 mm from the midline over the 12
th
 rib) (Hegarty et al., 
2006b) and loin fat weight (Gardner et al., 2010). The full expression of the PFAT 
ASBV has been shown to be reduced with suboptimal lamb nutrition (Hegarty et al., 
2006b).  
Post weaning eye muscle depth 
Selection for increased post weaning eye muscle depth (PEMD)  in lambs increases 
muscle at the c-site in the loin (Hall et al., 2002; Hegarty et al., 2006a; Hegarty et al., 
2006b) by around 0.61 mm for each mm increase in sire PEMD ASBV  irrespective of 
plane of nutrition (Hegarty et al., 2006b). Selection for an increased PEMD and reduced 
PFAT has been shown to increase lean meat yield in lambs (Gardner et al., 2010).  
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2.4.3 Nutritional restriction 
Adequate nutrition is essential to maximise lamb growth potential. Lambs fed optimal 
nutrition grow in a sigmoidal fashion whereas lambs with restricted nutrition have 
fluctuations in their growth rate based on nutritional quality and availability. Producers 
are able to mitigate some forms of nutritional restriction, such as restriction due to 
seasonal pasture availability, through supplementary dam and lamb feeding to minimise 
the impact on lamb growth where possible.  
Environmental factors cause variation in lamb weights (Gbangboche et al., 2006a; 
Gbangboche et al., 2008; Gbangboche et al., 2006b) with seasonal variation influencing 
feed quality and availability (Perry and Thompson, 2005). Lambs born during high 
rainfall seasons are less likely to experience nutritional restriction and are heavier and 
faster growing than lambs born in dry seasons (Gbangboche et al., 2008; London and 
Weniger, 1995). Nutritional restriction due to environmental and production factors can 
also take place in-utero and pre weaning. When nutritional restriction is lifted post 
weaning growth is accelerated, however additional nutritional and economic inputs may 
be required to reach target weights after slow pre weaning growth (Greenwood et al., 
2009) 
2.4.3.1 In-utero restriction 
Animals have a predetermined mature size which is programmed during the early 
embryonic stages of life however optimal nutrition is necessary for maximal expression 
of genetic characteristics (Butterfield, 1988). In line with these findings Cafe et al. 
(2006) found that plane of nutrition accounted for approximately 20% of the variation in 
birth weight when comparing progeny of poorly fed and well fed Hereford cows. 
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The number of myofibres in each muscle is mostly determined prior to birth 
(Greenwood et al., 2000a; Nissen et al., 2003). Malnutrition during the foetal period 
may decrease the number of secondary fibres leading to a permanent reduction in 
postnatal muscle growth potential (Hegarty and Allen, 1978; Wigmore and Stickland, 
1983).  
In line with these findings Fahey et al. (2005) found that restricted maternal nutrition 
resulted in lambs developing fewer fast (glycolytic) fibres and more slow (oxidative) 
fibres. This effect was seen when maternal nutrition was restricted before fibre 
formation in lambs (days 30-70) but not with restriction after this period, highlighting 
the importance of optimal maternal nutrition during early lamb growth in-utero.  
2.4.3.3 Pre weaning restriction 
Pre weaning, the dam provides the majority of the nutrition for the lamb through its 
milk. However, when lactation declines the intake of pasture by the lamb increases 
(Langlands, 1972). The main source of nutritional restriction during lactation occurs in 
multiple birth lambs which experience sibling competition for available nutrition. Dam 
milk volume increases by only 27% at peak yield in ewes with twin born lambs, 
restricting milk volume on a per lamb basis (Morgan et al., 2006).  
2.4.3.4 Post weaning restriction 
In the post weaning phase, growing animals which have undergone any form of 
restricted nutrition often experience accelerated growth when the restriction is lifted 
(Berg and Butterfield, 1968; Hendrick et al., 1989). This has been demonstrated in 
sheep (Thornton et al., 1979) and cattle (Brandstetter et al., 1998b) where growth was 
depressed during a period of nutritional restriction followed by compensatory growth 
upon restoration of nutrition. 
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2.4.4 Birth type and rear type 
Number of lambs born per ewe, also defined as birth type, significantly impacts birth 
weight at it acts as a form of in-utero nutritional restriction for multiple births. This 
results in single born lambs being heavier than multiples (Yapi-Gnaorè et al., 1997) 
such as twin born lambs (Gbangboche et al., 2008) and triplet born lambs (Afolayan et 
al., 2007).  
Gbangboche et al. (2008) hypothesised that the differential in weight in single versus 
multiple birth types was due to a limited capacity for the dam to provide further in-utero 
nourishment for the development of multiple foetuses and colostrum for new born 
lambs. This pattern continues through to weaning where weight in multiple birth lambs 
is further attenuated by increased rearing type (Afolayan et al., 2007). Hence, a lamb 
born as a twin but raised as a single lamb is heavier than a lamb born and raised as a 
twin.  
Birth type is difficult to control in a production setting as many breeds of sheep have 
high ovulation rates (Mulsant et al., 2001; Scaramuzzi and Radford, 1983). It is possible 
to increase the ovulation rate (Juengel et al., 2004) however reducing the ovulation rate 
is not easily achieved. Increased ewe and lamb nutrition is currently the most effective 
and easily adoptable tool for optimising growth rates for multiple birth lambs.  
2.4.5 Dam factors 
The dam plays a significant role in lamb nutrition and growth being the sole source of 
nutrition during early life growth. Multiple birth lambs are particularly susceptible to 
factors which influence the ability of the dam to provide adequate nutrition to lambs. 
These factors include dam nutrition, milk production and dam age.  
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2.4.5.1 Nutrition and feed restriction 
While ewe nutrition is integral for the provision of lambs with adequate nutrition, the 
significance of the nutritional restriction on progeny varies with the timing and duration 
of the restriction. Short periods of nutritional restriction in Merino ewes during early 
pregnancy did not significantly impact postnatal lamb growth if nutrition was adequate 
in late pregnancy (Krausgrill et al., 1999). However, when ewe nutritional restriction 
was sustained during lactation, subsequent underfeeding of lambs reduced the 
expression of the genetic potential for growth in lambs (Hegarty et al., 2006b; Hegarty 
et al., 2006c).  
The sensitivity of lambs to dam nutrition varies when lambs are in-utero with triplet 
born lambs more sensitive than twin born lambs. This was demonstrated by Everett-
Hincks et al. (2005) who showed that doubling pasture availability for ewes had no 
effect on the birth weight of twin lambs while the birth weight and subsequently 
survival of triplet lambs significantly increased.  
2.4.5.2 Milk production 
The maternal environment plays a role in determining birth weight and early life growth 
of progeny, especially prior to weaning. Milk production by the dam is highly correlated 
with lamb growth (Burris and Baugus, 1955). Therefore multiple birth lambs, which 
have access to a reduced volume of milk per lamb compared to single born lambs 
(Morgan et al., 2006), have reduced weight gain (Burris and Baugus, 1955). The 
composition of milk is stable, despite multiple births, so volume is the limiting factor 
(Burris and Baugus, 1955). Milk volume is a limiting factor regardless of multiple births 
as single born lambs from ewes which produce high milk volumes grow faster than 
single born lambs from ewes with low milk production (Burris and Baugus, 1955).  
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Ewe breed impacts milk production and lamb growth. Langlands (1972) showed that 
lambs reared by Border Leicester ewes received more milk than lambs reared by Merino 
ewes. The reduced milk production of Merino ewes was considered to be of secondary 
significance if herbage was available ad libitum as lambs with high voluntary intakes 
compensated for the lack of milk by consuming greater amounts of forage. However, 
Merino lambs consumed less grass than Border Leicester lambs and grew more slowly 
due to their lower overall voluntary food intake.  
2.4.5.3 Dam age 
As dam age and parity increases so does lamb birth weight (Gbangboche et al., 2008; 
London and Weniger, 1995; Yapi-Gnaorè et al., 1997). This relationship is nonlinear 
with a decline in lamb birth weight with increasingly older dams (Brown and Reverter, 
2002; Huisman et al., 2008). In a study of 1-4 year old dams Afolayan et al. (2007) 
demonstrated an average increase of 420 g in birth weight per year of increasing dam 
age. The effect was considerably smaller in an earlier study by Ali et al. (2006) which 
showed a 25 g increase in birth weight per year of increasing dam age. However, in this 
study there was a larger range of dam ages, varying from 1 to 9 years old. In ewes aged 
6 years and above, the effect of increasing birth weight was generally smaller and 
occasionally negative, which may contribute to the lower average birth weight 
compared to that found in the study by Afolayan et al. (2007). Borg et al. (2009) found 
4-6 year old dams produced the heaviest lambs, although it was not possible to 
determine whether the effect tapered beyond this age dams older than 6 years were not 
included in the study. However, when considering these studies there was a trend for 
lighter lambs to be born to younger and older dams.  
Interestingly, a study on pregnant ewe lambs which were 7 months of age at 
insemination showed that ewes fed to achieve moderate growth rates of 75g per day had 
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larger placental cotyledon mass and produced lambs with higher birth weights than 
ewes fed to achieve higher growth rates on the same ration. Colostrum yield was also 
lower in ewe lambs fed the greater volume of the same ration (Da Silva et al., 2001). 
These findings seem counter-intuitive and the authors did not hypothesise why this may 
have occurred. Furthermore, no information was provided on the amount (kg) of feed 
offered or consumed by the high intake ewe group or expected and actual growth rates 
in this group. Young, maiden ewes are known to lose more weight under conditions of 
nutritional restriction than mature ewes, resulting in slower growth of progeny through 
to slaughter (Hegarty et al., 2006b). However, when nutrition intake is high, the 
influence on lambs is expected to be reduced. London and Weniger (1995) suggested 
that since maiden ewes are generally still growing they are in competition for nutrients 
with the foetus and this effect may be exaggerated in adolescent ewes.  
 
2.5 Growth and fibre type 
2.5.1 Muscle fibre classification 
Skeletal muscle fibres make up 75-90% of skeletal muscle volume. They are classified 
on the basis of several physical and metabolic properties, which include differences in 
morphological traits, energy metabolism, contractile properties, metabolic properties 
and colour (Lee et al., 2010; Lefaucheur, 2010; Picard et al., 2002).  
Histochemical staining of skeletal muscle is a common procedure used to determine 
fibre types by staining the contractile component of skeletal muscle, myosin. Myosin, 
the major protein of skeletal muscle, is responsible for the contractile component of the 
muscle fibres. It is composed of four light chains and two heavy chains (MHC), which 
can exist in a number of different isoforms (Klont et al., 1998). The histochemical 
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classification is based on the MHC isoform and differentiates fibre types into type I, IIA 
and IIB fibre types (Brooke and Kaiser, 1970).   
The classification was revised to include a fourth fibre type when type IIX was 
identified in several animals including mouse, rat, guinea pig and rabbit skeletal muscle 
(Bär and Pette, 1988; Schiaffino et al., 1989). The IIX fibre type was later identified in 
humans (Smerdu et al., 1994), pigs (Lefaucheur et al., 1998) and cattle (Tanabe et al., 
1998). The speed of contraction increases in the rank order I < IIA < IIX < IIB with type 
I fibres considered slow twitch and type IIB fibres considered fast twitch (Schiaffino 
and Reggiani, 1996).  
The four muscle fibre types can also be identified according to their relative oxidative or 
glycolytic metabolic characteristics. The metabolic types are differentiated by the 
pathway used for regeneration of adenosine triphosphate (ATP) in the muscle 
(Dubowitz and Pearse, 1960). The oxidative pathway, which oxidises glycogen, 
glucose, lipids, ketone bodies and amino acids in the mitochondria, is aerobic with a 
high oxygen requirement. The glycolytic pathway, through which glycogen is rapidly 
converted to lactate, is anaerobic with no oxygen requirement (Lefaucheur, 2010).  
Oxidative fibres are associated with higher levels of oxidative activity and thus 
oxidative enzymes. Rate limiting mitochondrial enzymes such as citrate synthase and 
isocitrate dehydrogenase are used to characterise the oxidative capacity of muscles  
(Hocquette et al., 1998) with the relative expression of oxidative and glycolytic 
enzymes used as an indicator of muscle fibre type in sheep (Gardner et al., 2007; 
Gardner et al., 2006b; Lefaucheur, 2010). 
The rate limiting enzymes of glycolysis, hexokinase, phosphofructokinase and lactate 
dehydrogenase plus glycogen synthase and glycogen phosphorylase are commonly used 
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to qualitatively characterise the glycolytic activity of muscles (Hocquette et al., 1998). 
Where oxidative and glycolytic fibres exist within the same muscle, the relative 
composition of the muscle determines the predominance of the muscles metabolic 
properties (Ozawa et al., 2000; Ryu and Kim, 2005). 
The relative importance of these two metabolic pathways, as evidenced by ATPase 
activity and enzyme expression (Barnard et al., 1971; Dubowitz and Pearse, 1960; 
Engel, 1962; Peter et al., 1972),  has been used to characterise muscle fibres as: 
oxidative (type I, slow), oxido-glycolytic (type IIA, fast) and glycolytic (type IIX and 
IIB, fast) (Ashmore and Doerr, 1971; Peter et al., 1972; Schiaffino and Reggiani, 1996). 
In this thesis, metabolic characteristics will be used to define fibre type.  
A summary of the contractile and metabolic characteristics, and the strength of 
association, of each fibre type can be found in Table 2-1. 
 
Fibre type I IIA IIX IIB 
Contraction speed + +++ ++++ +++++ 
ATPase activity + +++ ++++ +++++ 
Oxidative metabolism +++++ ++++ ++ + 
Glycolytic metabolism + ++++ ++++ +++++ 
+, very low; ++, low; +++, medium; ++++, high; +++++ very high. 
Table 2-1  Contractile and metabolic characteristics of individual fibre types. Adapted from Lefaucheur 
(2010).  
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2.5.2 Oxidative fibres 
Oxidative fibres are red slow twitch type I fibres.  These fibres require a high level of 
oxygen and express large amounts of myoglobin for oxygen storage (Lefaucheur, 2010). 
Due to the high myoglobin content and heme based pigments in mitochondria they 
appear redder in colour (Murray et al., 1996). The mitochondria are also larger and 
more populous (Klont et al., 1998) in oxidative compared to glycolytic muscle cells 
(Hoppeler, 1985). Oxidative fibres have low ATPase activity, allowing for sustained 
prolonged low power work (Lefaucheur, 2010). The ability to sustain low intensity 
contractions for basic movements is facilitated by efficient vascularisation (Nelson and 
Cox, 2005), small fibre diameter and a high Ca
2+
 sensitivity (Lefaucheur, 2010).  
2.5.3 Glycolytic fibres 
Glycolytic fibres are white, fast twitch type II fibres. When compared to oxidative fibres 
they have a lower vascularisation, larger fibre diameter and fewer mitochondria (Nelson 
and Cox, 2005), and are associated with lower levels of myoglobin, thus appearing paler 
in colour. Type IIB glycolytic fibres were first demonstrated in the longissimus in cattle 
by Picard and Cassar-Malek (2009). Glycolytic fibres have a high ATPase activity 
(Ashmore and Doerr, 1971). These fibres use only glucose as an energy source (Murray 
et al., 1996) and sustain brief and intense contractions (Lefaucheur, 2010).  
2.5.4 Muscle fibre development 
Muscle fibre development begins during early embryonic life when the myogenic 
precursor cells (myoblasts) proliferate and fuse into myotubes. Myoblasts have been 
isolated at different stages of development and are called embryonic, foetal and adult 
myoblasts based on their distinct properties (Harris et al., 1989; Hoh et al., 1988; 
Stockdale, 1992).  Muscle fibres in adult animals are derived from different myoblast 
31 
 
populations (Harris et al., 1989; Vivarelli et al., 1988) and the regulation of this process 
is complex (Stockdale, 1992).  
In lambs there are three waves of myotube formation from myoblasts which 
differentiate to form the origin of the different muscle fibre types.  These are the 
primary generation, which differentiates for form type I fibres, the secondary 
generation, which differentiate to form type II fibres and the third generation which 
differentiates to form both type I and type II fibres (Picard et al., 2002).  
Muscle fibres express developmental MHC during gestation which is progressively 
replaced by adult MHC (Picard et al., 1994; Robelin et al., 1993). Primary fibres in 
sheep appear at 32 days of foetal life (Wilson et al., 1992). These fibres express the 
slow MHC I isoform, characteristic of type I fibres (Cho et al., 1994; Condon et al., 
1990; Lyons et al., 1990; Picard et al., 1994; Robelin et al., 1993). Secondary fibres in 
sheep appear at 38 days of foetal life (Wilson et al., 1992). Most of these develop into 
type IIA, IIX or IIB fibres (Ashmore et al., 1972; Picard et al., 1994; Robelin et al., 
1990). Tertiary fibres in sheep appear between 62 and 76 days of foetal life (Wilson et 
al., 1992). These develop into a mix of type I and type II fibres (Picard et al., 2002; 
Picard et al., 1994).  
Thus as developmental MHC expression reduces the proportion of adult MHC increases 
resulting in the development of type I and type II fibres.  In sheep, foetal MHC 
disappears between 140 days of foetal life and 28 days after birth (Maier et al., 1992). 
Fast adult MHC mostly occurs after birth in sheep with the proportion of type I fibres 
increasing during the first 8 weeks after birth (Suzuki and Cassens, 1983).  
Following the waves of myogenesis, the total number of fibres is fixed. In cattle this is 
complete by the last third of gestation (Gagniere et al., 1999; Picard et al., 1994) and in 
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pigs by 80% gestation (Wigmore and Stickland, 1983). This is consistent with the 
finding that muscle fibre numbers remain constant after birth in cattle (Joubert, 1956; 
Robelin et al., 1990; Wegner et al., 2000). Therefore, increase in muscle volume is due 
to the increase in size of the existing fibres (Hawkins et al., 1985; Wegner et al., 2000). 
2.5.5 Production factors impacting fibre type 
Lamb growth rate has a large impact on muscle fibre type. In addition to growth, muscle 
fibre type is influenced by a variety of environmental, genetic and production factors. 
These include sex, nutrition and breed. The response of fibre type to these factors varies 
between different skeletal muscles. Unless stated otherwise the changes reported in 
Section 2.5.5 occurred in the longissimus muscle, which is the focus of this thesis due to 
its commercial value.  
2.5.5.1 Age and growth rate 
Change in muscle fibres characteristics is related to several factors however age has the 
most significant impact on fibre type (Suzuki and Cassens, 1983; White et al., 1978). 
Type I oxidative fibres and activity of oxidative enzyme isocitrate dehydrogenase have 
been shown to increase with age in cattle (Brandstetter et al., 1998a) and sheep 
(Greenwood et al., 2007; Suzuki and Cassens, 1983) while activity of the glycolytic 
enzyme lactate dehydrogenase  is reduced (Brandstetter et al., 1998a).  
Muscle fibre characteristics also vary with growth rate. The comparison of extreme 
genetic models of growth, such as wild compared to domesticated animals within 
different species, suggests that selection for increase growth rates correlate with 
increased myofibre diameter and a less oxidative metabolism (Ashmore, 1974; Rahelic 
and Puac, 1981; Ruusunen and Puolanne, 2004; Solomon and West, 1985; Weiler et al., 
1995).  These findings align with a shift between type IIA and IIB fibres with an 
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increased hot carcass weight (Hawkins et al., 1985), which is a proxy for increased 
whole of life growth rate. However, the relationship varies within conventional 
domestic species and increased growth rates in lambs did not impact the proportions of 
muscle fibre types in the Arnold and Meyer (1988) study.  
2.5.5.2 Sex 
Ryu et al. (2008) found no difference in muscle fibre type proportions between the 
sexes in pigs and there was no difference in total number of fibres in pigs (Staun, 1963) 
or mice (Rowe and Goldspink, 1969). This is despite significantly larger muscle fibres 
being found in female pigs (Larzul et al., 1999; Miller et al., 1975; Solomon et al., 
1990).  
Several studies have found that castration has little impact on muscle fibre classification 
in cattle (LaFlamme et al., 1973; Ockerman et al., 1984; Young and Bass, 1984). 
However, previous work on the m. longissimus dorsi  by Brandstetter et al. (1998b) 
demonstrated an increase in the proportion of oxidative type I fibres in bulls and of 
glycolytic type IIB fibres in steers at 12 months of age. Castration was thought to have 
delayed the shift toward oxidative type I fibres that occurs with age by decelerating the 
re-conversion process of type IIB to IIA to I which occurs after birth in cattle. 
2.5.5.3 Nutrition and feed restriction 
Under Australian extensive production systems, season fluctuations have an important 
role in determining feed availability and feed intake. Variation in nutrition due to 
different proportions of pasture or concentrate or varied protein content has been shown 
to impact on muscle fibre type and enzymatic expression (Greenwood et al., 2006b; 
Moody et al., 1980). However, the associations between nutrition and muscle fibre 
types vary. Hocquette et al. (2001) suggested that oxidative muscles are more sensitive 
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to nutritional variation than glycolytic muscles. Gardner et al. (2006b) suggested that 
changes in lamb nutrition may uncouple the link between muscle fibre type and 
metabolic enzyme expression, although in contrast to the Hocquette et al. (2001) 
findings this was less prevalent for oxidative enzyme expression.  
Feed restriction has been shown to induce changes in muscle mass and the proportion of 
oxidative fibre types in ruminants. In a study of two groups of lambs Solomon and 
Lynch (1988) found that restricted lambs, who were fed a diet containing a third less 
metabolisable energy, had a lower proportion of type IIB fibres and a higher proportion 
of type IIA. The trend toward a more oxidative metabolism in animals experiencing 
feed restriction was also demonstrated by Brandstetter et al. (1998b) in growing bulls 
that had been restricted for 3 months. This effect reversed with re-feeding with the 
activity of the oxidative enzyme isocitrate dehydrogenase lower in re-fed bulls 
compared to bull calves fed a growth ration (Brandstetter et al., 1998b). 
2.5.5.4 Breed and genetics 
Genetic selection for post weaning growth, muscling and leanness has been shown to 
impact on muscle fibre type. Previous work by Greenwood et al. (2006c) has 
demonstrated that selection for increased muscling and leanness through the use of sires 
with high PEMD and low PFAT, increases the percentage of glycolytic type 2B/X 
myofibres. In the same study, selection for growth through the use of sires with high 
PWWT had a smaller effect than selection for muscle and leanness (Greenwood et al., 
2006c).  
There is evidence demonstrating that a similar effect is seen in beef cattle, with an 
increase in muscle linked to an increase in glycolytic muscle fibres. Charolais bulls with 
a high muscle growth index experienced muscle hypertrophy with growth, due to a 
higher total number of fibres (Picard et al., 2006).  These hypertrophied muscles have 
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fibres with the contractile and metabolic properties of type IIX fibres, suggesting that 
bulls with high growth potential also have greater numbers of glycolytic fibres.  
2.5.6 Fibre type and meat quality 
Muscle fibre characteristics are an important determinant of meat quality (Joo et al., 
2013) through its associations with meat colour, intramuscular fat, mineral content and 
changes to oxidative capacity (Kim et al., 2013; Lee et al., 2010; Maltin et al., 1998; 
Valin, 1988; Valin et al., 1982) . These relationships are discussed in Section 2.6.  
An example of the impact of fibre type on meat quality is seen in the selection for 
increased muscle in cattle which reduces muscle oxidative capacity and increases the 
glycolytic potential of the muscle. This is associated with in a reduced myoglobin 
concentration, resulting in paler meat (Bailey et al., 1982; Clinquart et al., 1994), which 
is less appealing to the consumer. Myoglobin content is also an important determinant 
of the nutritional value of meat as reducing myoglobin concentration proportionately 
reduces red meat iron concentration (Hazell, 1982) and negatively affects the nutritional 
value of the meat product (Pethick et al., 2006a).  
Selection for growth can impact muscle fibre type, and muscle fibre type is associated 
with meat quality traits. Therefore growth can impact meat quality traits and the 
magnitude of these impacts needs to be quantified.  
 
2.6 Growth and meat quality 
Genetic and phenotypic selection for growth is common to increase growth rates and 
achieve target weights over a shorter time frame. Selection for increased growth rates 
affects muscle fibre type, and muscle fibre type impacts meat quality. Furthermore, 
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early and late life growth have been shown to be different traits (Lewis and 
Brotherstone, 2002) so the impact of selection for growth on fibre type and 
subsequently meat quality may vary with time. Therefore, the associations between 
growth, fibre type and meat quality need to be explored.  
Meat quality relates to eating quality, nutritional value and meat colour (Warner et al., 
2010). Consumers demand a consistently high quality lamb product (Pethick et al., 
2005a) and are willing to pay a premium for a high quality product (Pethick et al., 
2006a).  
While lamb growth influences a variety of traits, this thesis will be restricted to the 
influence of lamb growth on muscle fibre type and the meat traits which are directly 
linked to muscle fibre type: intramuscular fat, shear force, consumer overall liking, 
isocitrate dehydrogenase activity, myoglobin concentration, iron concentration, zinc 
concentration and meat browning.  
2.6.1 Intramuscular fat 
Animals have multiple fat depots with intramuscular fat being the adipose tissue 
contained within muscles. It is comprised of adipocytes which are embedded in a 
connective tissue matrix with triacylglycerol (TAG) being the major lipid component 
(Murray et al., 2004b).  
Intramuscular fat is an early maturing depot in relation to total carcass fat, increasing 
only marginally as sheep mature (McPhee et al., 2008; Thompson et al., 1987). 
Adipogenic and lipogenic genes are expressed during early life growth in cattle 
indicating an early molecular changes associated with intramuscular fat content (Wang 
et al., 2009). These findings are in line with studies which indicate the potential for 
development of intramuscular fat is fixed during early life growth (Beaulieu et al., 
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2010; Kirkland and Dobson, 1997; Pethick et al., 2004). Factors which influence 
intramuscular fat levels in lambs may therefore exert a greater effect in the perinatal 
period than when animals are more mature.  
Intramuscular fat is measured by chemical determination using a near infrared (NIR) 
procedure with readings validated with chemical fat determination using solvent 
extraction (Perry et al., 2001). Measurements are commonly made  in the m. 
longissimus lumborum due to the economic value of the cut and the importance of 
intramuscular fat in meat eating quality (Pannier et al., 2014c). Intramuscular fat can 
also be estimated by evaluating the amount of fat visible within the muscle tissue of the 
m. longissimus lumborum in cattle, although it is less visible in sheep. This portion of 
intramuscular fat, visible at normal storage temperatures, is known as marbling. 
Marbling is readily identifiable enabling its use by industry, for example for grading 
beef carcasses under the Meat Standards Australia (Polkinghorne et al., 1999). Marbling 
is also used by consumers as an indicator of high eating quality, but high levels of 
intramuscular fat have adverse effects on consumer acceptability due to increased 
visibility of fat in meat. Importantly however, a minimum level of intramuscular fat in 
meat is essential due to its positive correlation with the subjective measures of eating 
quality, tenderness, flavour, juiciness and consumer rated overall liking (Thompson, 
2004).  
Consumers rate their satisfaction with lamb based on flavour, tenderness, odour, 
juiciness and overall liking (Pethick et al., 2006b). Intramuscular fat is positively 
associated with flavour, juiciness, tenderness and overall liking in sheep (Hopkins et al., 
2006; Pannier et al., 2014c) and pigs (Murray et al., 2004a). In beef intramuscular fat is 
positively associated with flavour and juiciness (Thompson, 2004) and accounts for up 
to 15% of the variation in palatability in beef (Dikeman, 1987). A reduction in 
 38 
 
intramuscular fat is detrimental to these organoleptic meat qualities (Hocquette et al., 
2010; Wood et al., 2008) including  juiciness , flavour (Wood et al., 2008) and 
tenderness (Dikeman, 1987). Thus intramuscular fat is  a key determinant of eating 
quality in red meat (Harper and Pethick, 2004) and in sheep explains more of the 
variation in tenderness and overall liking than production factors such as sex and sire 
type (Pannier et al., 2014a).  
Reduced levels of intramuscular fat result in meat which is perceived by consumers as 
dry and less tasty (Channon et al., 2001; McPhee et al., 2008). Acceptable levels in 
beef, pork and lamb are quoted by Savell and Cross (1988) as 3-4% while Hopkins et 
al. (2006) found a minimum level of 5% was required to achieve an average sensory 
score for overall liking for sheep meat.  
Oxidative muscle fibres are associated with higher levels of intramuscular fat (Picard et 
al., 2002) and intramuscular fat has strong associations with eating quality. Therefore 
the impact of growth on fibre type and thus intramuscular fat is likely to impact all of 
the meat traits examined in this thesis.   
2.6.1.1 Intramuscular fat and growth 
Evidence exists for growth impacting intramuscular fat with the rate of accretion 
slowing down as animals near their mature size (McPhee et al., 2008). 
Nutrition during growth is important for intramuscular fat development. Nutritional 
restriction in lambs results in slower growth and weight gain causing a reduction in 
intramuscular fat (Murphy et al., 1994). Conversely, pigs with increased growth rates 
due to higher protein diets had reduced intramuscular fat (Karlsson et al., 1993). 
However this is likely due to reduced maturity at the time of slaughter rather than a 
reduction in intramuscular fat deposition. 
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Hot carcass weight at slaughter can be used as a proxy for whole of life growth rate to 
determine the impact of growth in intramuscular fat. This approach was taken by 
Pannier et al. (2014c) and demonstrated an increase in intramuscular fat in lambs with 
increased growth.  
Breeding values can be used to select for growth and lean meat yield in lambs. Selection 
for increased growth using the PWWT ASBV did not impact intramuscular fat (Pannier 
et al., 2014c). Meanwhile, selection for leanness and muscle using the PFAT and 
PEMD ASBVs reduced intramuscular fat (Pannier et al., 2014c). Genetic potential for 
muscle growth in bulls was found to be  correlated with reduction in activity of the 
oxidative enzyme citrate synthase, and therefore an increased glycolytic capacity of the 
muscle fibre types in bulls and as oxidative capacity is positively linked with 
intramuscular fat, bulls with higher muscle growth had lower intramuscular fat 
(Hocquette et al., 2012). 
Existing evidence for the impact of growth on intramuscular fat therefore indicates that 
slow growth due to feed restriction leads to reduced intramuscular fat while increased 
growth leads to heavier hot carcass weights and increased intramuscular fat. Increased 
growth rates may also be associated with reduced intramuscular fat if animals are 
slaughtered when they reach target weights at younger ages when they are less 
physiologically mature. The influence of prenatal muscle fibre development on 
intramuscular fat (Picard et al., 2002) may also lead to animals with an increased 
potential for muscle growth, leading to higher proportions of glycolytic muscle fibres, 
having reduced levels of intramuscular fat.  
2.6.1.2 Production factors which influence intramuscular fat 
Intramuscular fat varies with production factors including age, nutrition, sex, and 
genotype. The increase in intramuscular fat with age is well documented in sheep 
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(Hopkins et al., 2007; McPhee et al., 2008; Pannier et al., 2014c; Pethick et al., 2005c) 
although the increase is quantitatively small and there is a large degree of overlap 
between animals of differing ages (Hopkins et al., 2005).  
Nutrition impacts intramuscular fat development however the effect in sheep is small 
compared to genetic impacts (McPhee et al., 2008; Pannier et al., 2014c). The timing of 
the restriction is important. In cattle, in-utero nutritional restriction has not been shown 
to impact intramuscular fat development (Greenwood and Cafe, 2007; Greenwood et 
al., 2006a) while a 30% feed restriction in pigs during the growing-finishing phase 
caused a reduction in intramuscular fat (Čandek-Potokar et al., 1999). Since nutritional 
restriction limits growth, the impact of restriction on intramuscular fat may be delivered 
through its impact on growth.  
Sex has been shown to influence levels of intramuscular fat. Ewe lambs have been 
shown to have greater amounts of intramuscular fat then wether lambs (Pannier et al., 
2014c) and ram lambs (Craigie et al., 2012). While Tejeda et al. (2008) showed no 
difference in intramuscular fat between ewe lambs and ram lambs this conclusion was 
based on a relatively small study in Merino lambs (n = 48), compared to n = 208 Texel 
lambs in the Craigie et al. (2012) study and n = 5,867 lambs from Terminal, Maternal 
and Merino sires in the Pannier et al. (2014c) study. Thus the small sample size of the 
Tejeda et al. (2008) study may not be sensitive enough to detect a significant effect 
between sexes.  
Age has also been found to reduce the sex effect on intramuscular fat. Muscle samples 
from the m. longissimus dorsi analysed for intramuscular fat from mature sheep showed 
no differences between entire and vasectomised rams or between wethers and ewes. 
However, intramuscular fat of entire and vasectomised rams was significantly lower 
than in either ewes or wethers (Okeudo and Moss, 2007).  
41 
 
Intramuscular fat varies with lamb genotype (Díaz et al., 2005). As mature size, and 
thus growth rate to attain mature size, varies between breeds the variation in 
intramuscular fat with genotype may simply reflect the impact of growth rate on 
intramuscular fat rather than a specific breed difference. 
Díaz et al. (2005) found that the variation in intramuscular fat between sheep breeds 
was similar in magnitude to the variation found by McPhee et al. (2008), with Border 
Leicester x Merino animals having the highest increase in intramuscular fat in the loin, 
compared to other breeds. The impact of the Border Leicester genotype on 
intramuscular fat is consistent with the increase in overall carcass fat levels (Hopkins 
and Fogarty, 1998; Hopkins et al., 2007; Ponnampalam et al., 2007). 
In a study by Wegner et al. (2000), the level of intramuscular fat did not vary between 
four breeds of cattle; German Angus, Galloway and Holstein Friesian. In the same 
experiment Belgian Blue cattle, which are selected for double muscling with a mutation 
of the myostatin gene causing muscle hyperplasia, had comparatively lower levels of 
intramuscular fat. Belgian blue cows within this study also had a greater proportion of 
glycolytic type IIB fibres, which are associated with lower intramuscular fat levels 
(Hwang et al., 2010). The effect of fibre type on intramuscular fat levels will be 
discussed in Section 2.6.1.3. 
2.6.1.3 Intramuscular fat and fibre type 
The relationship between intramuscular fat and fibre type is not always simple or clear 
(Hocquette et al., 2010; Lefaucheur, 2010) however intramuscular fat content is linked 
to oxidative muscle fibre types and oxidative enzyme activity. As discussed below, 
oxidative muscle fibres are generally associated with higher levels of intramuscular fat. 
A notable exception is the study in bison with highly oxidative muscles and low levels 
of intramuscular fat (Agabriel et al., 1998). 
 42 
 
 Intramuscular fat is positively correlated with the percentage of oxidative muscle fibres 
(Essen-Gustavsson et al., 1992; Maltin et al., 1998) and negatively correlated with 
glycolytic muscle fibres (Hwang et al., 2010). In support of these findings oxidative 
enzyme activity is increased in oxidative fibres in cattle and in breeds of cattle that have 
higher levels of intramuscular fat (Hocquette et al., 2003; Jurie et al., 2007), with  
oxidative muscle fibres being associated with higher levels of intramuscular fat (Picard 
et al., 2002).  
Intramuscular fat content and proportions of myosin heavy chains I (slow) and IIA (fast 
oxido-glycolytic) and enzymatic indicators of oxidative metabolism; citrate synthase, 
isocitrate dehydrogenase (ICDH) and cytochrome-c oxidase and the expression of H-
fatty acid binding protein have been shown to be higher in the slow oxidative rectus 
abdominis muscle compared to the fast glycolytic semitendinosus muscle (Hocquette et 
al., 2012). Amongst oxidative metabolic markers cytochrome-c oxidase was better 
correlated to TAG than enzymatic indicators within the mitochondrial matrix 
(hydroxyacyl-CoA dehydrogenase, citrate synthase and ICDH) (Hocquette et al., 2012).  
Genotypes characterised by a high oxidative muscle metabolism have increased levels 
of intramuscular fat (Jurie et al., 2007). This is interesting considering high fatty acid 
catabolism is a characteristic of oxidative muscles, although a high fatty acid turnover 
may also favour fat deposition (Gondret et al., 2001). Jurie et al. (2007) found a high 
correlation between TAG deposition and A-fatty acid binding protein, which is 
expressed exclusively within adipocytes and not within muscle fibres indicating that 
intramuscular adipocyte number (rather than intra fibre fat) is the major biological 
mechanism that contributes to TAG accumulation.  
Therefore, muscles with higher intramuscular fat levels have a greater number of 
oxidative muscle fibres and a greater ability to break down intramuscular fat. This may 
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reflect a synergistic biological relationship between these two tissues as the oxidative 
muscle uses the intramuscular fat breakdown products as fuel.  
2.6.2 Shear force 
Warner-Bratzler shear force is an objective measure of tenderness and describes the 
force required, in Newtons or kilograms, to shear a cooked meat sample with a Warner-
Bratzler shear blade (Hopkins et al., 2010). Whilst objective measurements of meat 
quality such as shear force and compression have the advantage of being cheaper than 
sensory panel testing for tenderness, they are rather simplistic one-dimensional 
measures of a complex set of interactions which occur when cooked meat is chewed and 
masticated in the mouth (Perry et al., 2001; Watson et al., 2008). Furthermore, they are 
destructive to the carcass and time consuming (Hwang et al., 2008; Watson et al., 
2008). Despite this, Huffman et al. (1996)  reported that consumer ratings were 
consistent with Warner–Bratzler shear values in beef and (Safari et al., 2001) advocated 
the use of shear force as a criterion for determining consumer acceptability of loin from 
lambs.  
Sensory scores are rated out of 100 by consumers. They are subjective measurements of 
meat eating quality and have a negative correlation with shear force. Increasing shear 
force is associated with a reduction in tenderness, flavour, juiciness and overall liking 
(Hopkins et al., 2006; Pannier et al., 2014a; Safari et al., 2001). In the Pannier et al. 
(2014a) study sensory scores for tenderness, overall liking, juiciness and flavour 
reduced by 11.6, 8.5, 7.6 and 7.4 respectively across the 37 N range in shear force.   
The phenotypic correlation between intramuscular fat and shear force after 5 days of 
ageing in lamb is -0.30 (Mortimer et al., 2014), suggesting selection for one will also 
influence the other. There are similar findings in pigs, where there is also a negative 
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correlation between shear force and intramuscular fat (Karlsson et al., 1993). As shear 
force is correlated with intramuscular fat both can be used as indirect predictors of 
eating quality. Indirect predictors are useful as the cost of measuring sensory parameters 
with taste panels is often prohibitive.   
2.6.2.1 Shear force and growth 
Growth rate can be difficult to directly quantify and carcass weight, average daily gain 
and nutritional restriction are commonly used as proxies for growth rate to investigate 
the impact of growth on shear force. In general, shear force does not vary with carcass 
weight, average daily gain or growth rate, although there are some exceptions.  
Lambs slaughtered at either medium or light live weights had no differences in shear 
force, despite differences in carcass fatness between the two groups (Vergara et al., 
1999). This aligns with the findings of Kemp et al. (1980)  which also demonstrated no 
relationship existed between shear force and slaughter weight in lambs. Conversely, 
there was a low negative correlation between hot carcass weight and shear force of -
0.15 found by Vergara et al. (1999), however this was not supported by a phenotypic 
association in the same study. There are conflicting reports in beef with a reduction in 
shear force seen in crossbred steers as carcass weights increased with age (Bouton et al., 
1978) but no relationship between shear force and carcass weight Japanese Black steers 
(Ozawa et al., 2000).  
Studies of average daily gain and shear force in cattle had varied results. A group of 48 
bulls with average daily gains ranging from between -0.55 kg and 1.36 kg showed no 
relationship between shear force and growth rate (Calkins et al., 1987). This aligns with 
the findings of Perry and Thompson (2005) of no change in shear force with variations 
in average daily gain and Greenwood et al. (2006a) of no influence of pre weaning 
growth on shear force. 
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Meanwhile, Fishell et al. (1985) assigned 36 steers to one of three feeding regimes for 
120 days pre slaughter. The unrestricted group had an average daily gain of 1.42 kg, the 
moderately restricted had an average daily gain of 0.77 kg and the highest restricted 
group had an average daily gain of 0.34 kg. In both the longissimus and 
semimembranosus shear force was significantly lower in unrestricted animals with 
faster growth rates compared to animals with restricted nutrition and slower growth 
rates. This relationship is further evidenced by the negative phenotypic correlation 
found between average daily gain and shear force in cattle (Shackelford et al., 1994). 
The difference is in the Calkins et al. (1987) and Fishell et al. (1985) studies is unlikely 
to be related to the effects of testosterone between bulls and steers with Moloney et al. 
(2000) reporting no difference in shear force with growth rate in steers.   
Evidence for the association between shear force and growth is not clear. While there 
was a small negative correlation between carcass weight and shear force in lambs there 
was no phenotypic association (Vergara et al., 1999). In cattle there was also a negative 
correlation, between average daily gain and shear force (Shackelford et al., 1994), 
however the phenotypic association was not present in all studies discussed above.   
2.6.2.2 Production factors which influence shear force 
Shear force varies with production factors including age, sex, and genotype with shear 
force being increased in older sheep (Hopkins et al., 2007) and cattle (Shorthose and 
Harris, 1990) demonstrating an increase in sheer force with age at slaughter in cattle due 
to an increase in collagen crosslinking.  
Unlike age, sex and genotype do not appear to have a significant impact on shear force 
in lambs with Kemp et al. (1980) demonstrating no difference between the sexes.  
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Shear force in 60 lambs did not vary between common Australian genotypes for lambs 
born to Texel, Poll Dorset, Border Leicester and Merino rams (Safari et al., 2001). 
Likewise there was no relationship between shear force and genotype in the Hopkins 
and Fogarty (1998) study which involved a total of 436 lambs nor the Speck et al. 
(1997) study which examined shear force in New Zealand lambs of different genotypes. 
In cattle, shear force does not vary with breed with Wegner et al. (2000) showing no 
difference between shear force in German Angus, Galloway and Holstein Friesian 
cattle.  
While shear force varied with age, there was no variation with sex or genotype. As sex 
and genotype can represent differences in growth rates these findings align with the lack 
of a phenotypic association between shear force and growth in lambs.  
2.6.2.3 Shear force and fibre type 
Shear force did not correlate with muscle fibre traits (Wegner et al., 2000) of Holstein-
Friesian, Belgian Blue, German Angus and Galloway which have very different growth 
potential.   
Muscles with a large fibre size, especially glycolytic type IIB fibres, exhibit tougher 
meat than muscles with a narrower fibre diameter in cattle (Renand et al., 2001) and in 
pigs (Karlsson et al., 1993). Thus shear force is likely to be reduced as the proportion of 
smaller oxidative fibres increases.  
Considering the relationship between fibre type and intramuscular fat, as discussed in 
Section 2.6.1.3., it follows that as intramuscular fat increases and the oxidative capacity 
of muscle increases, the muscle fibre diameter will decrease and shear force is likely to 
reduce. This aligns with the findings of Calkins et al. (1981) who showed that muscle 
fibre type composition has a stronger relationship with marbling than with shear force.  
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2.6.3 Overall liking 
Overall liking, also called overall acceptability, is a subjective measure of meat quality 
based on consumer sensory testing. Sensory enjoyment strongly influences the demand 
for lamb in Australia and the willingness to pay of consumers (Pethick et al., 2006a).  
Untrained consumers assess lamb steaks for overall liking out of 100, with 100 being 
the most preferred. Untrained consumer taste panels are used as they are an accurate 
reflection of the actual consumer base, despite their greater variance (Hwang et al., 
2008).  
Overall liking is highly correlated with tenderness, juiciness and flavour (Pannier et al., 
2014a) and is considered a good subjective measurement of meat quality. Therefore, 
factors which influence overall liking, such as intramuscular fat (Hopkins et al., 2006; 
Pannier et al., 2014a), will influence consumer acceptability of meat products.  
2.6.3.1 Overall liking and growth 
The impact of growth on overall liking has not specifically been studied however 
relationships between overall liking and sensory traits which have an association with 
overall liking, such as juiciness and tenderness, can give an indication of the impact of 
growth on overall liking. Unfortunately the relationship between other sensory traits and 
growth is also unclear.  
For example, juiciness, which is highly correlated to overall liking (Pannier et al., 
2014a), was not affected by growth rate in cattle (Fishell et al., 1985) while tenderness, 
which is also highly correlated to overall liking in lambs (Pannier et al., 2014a), was 
increased in cattle with higher growth rates (Fishell et al., 1985).  
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Furthermore, there is no clear relationship between selection for growth using the 
PWWT ASBV and overall liking. Selection for growth reduced overall liking at only 
one of the eight research sites in the Pannier et al. (2014a) study. 
Selection for increased muscle using the PEMD ASBV has been found to reduce overall 
liking. This effect is independent of the phenotypic impact of intramuscular fat on 
overall liking (Pannier et al., 2014a). Therefore, selection for increased PEMD may 
negatively influence eating quality for consumers.   
2.6.3.2 Production factors which influence overall liking 
Overall liking varies with production factors including age, nutrition, sex, and genotype 
with older sheep having reduced sensory scores including overall liking (Hopkins et al., 
2006; Pannier et al., 2014a; Pethick et al., 2005c).  
Nutrition treatments may impact on the sensory traits such as overall liking. Recent 
work by Resconi et al. (2009) found that meat from lambs fed a concentrate only diet 
had the highest overall liking as rated by a trained consumer taste panel when compared 
to pasture fed lambs or lambs fed a combination of concentrate and pasture and alfalfa 
hay. In contrast, there was no difference in overall liking in studies where untrained 
consumers rated lamb which was fed different rations (Pethick et al., 2005a). Pannier et 
al. (2014a) found that overall liking varied between research sites at which lambs were 
raised and the year of birth, reflecting the impact that environment and nutrition has on 
consumer sensory scores.  
Sex has either no influence (Tejeda et al., 2008) or a small, variable, influence on 
sensory scores in lambs. In the Teixeira et al. (2005) study males had an overall liking 
score less than one unit higher than female lambs while in the (Pannier et al., 2014a) 
study overall liking was higher in female lambs than male lambs by 1.5 units. However, 
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this difference can in part be attributed to the increased amount of intramuscular fat, 
0.15%, in the loin of female lambs compared to wether lambs (Pannier et al., 2014c).  
There is a variable impact of genotype on overall acceptability of lamb meat reported in 
the literature. A study based on 60 lambs from Texel, Poll Dorset, Border Leicester and 
Merino sires found no effect of genotype (Safari et al., 2001). Conversely, in a much 
larger study based on 210 animals, Hopkins et al. (2005) found meat from Merino 
lambs generally have lower sensory scores than meat from Terminal first cross lambs. 
Dam breed however appears to have the opposite effect to sire breed with overall liking 
higher in lambs from Merino dams when compared to meat from Border Leicester x 
Merino dams (Pannier et al., 2014a).  
While overall liking reduced with age it varied with nutrition, sex and genotype. These 
conflicting findings highlight the need for further work to better describe and quantify 
the effect of genotype on overall liking and the mechanisms through which this effect is 
mediated. 
2.6.3.3 Overall liking and fibre type 
There are no studies which directly link overall liking and fibre type. Nonetheless, the 
positive relationship between intramuscular fat and overall liking (Pannier et al., 2014a) 
can be used to infer a positive relationship between overall liking and the proportion of 
oxidative fibre types. As intramuscular fat is associated with increased oxidative fibre 
types (Hocquette et al., 2003), factors which cause a reduction in oxidative fibre types 
are likely to reduce intramuscular fat and thus overall liking.  
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2.6.4 Isocitrate dehydrogenase activity 
Isocitrate dehydrogenase (ICDH; EC 1.1.1.42) is a crucial enzyme in the oxygen-
dependant citric acid cycle of mitochondria, which are larger and more abundant in 
oxidative muscle fibres (Hoppeler, 1985). Due to its high correlation with oxidative 
metabolism, ICDH activity is used as a marker of oxidative capacity and thus fibre type 
(Gardner et al., 2006b).  
2.6.4.1 Isocitrate dehydrogenase activity and fibre type  
Muscle oxidative capacity is intrinsically linked to fibre type (Brandstetter et al., 1998a; 
Staron and Johnson, 1993) with type I fibres having a greater expression of oxidative 
enzymes such as ICDH (Brandstetter et al., 1998a; Peter et al., 1972). This is in contrast 
to type II fibres which express higher levels of glycolytic enzymes (Brandstetter et al., 
1998a) and reduced levels of oxidative enzymes (Gardner et al., 2007; Gardner et al., 
2006b). 
In bulls the transition between fibre types is marked by changes in metabolic 
metabolism. As the proportion of oxidative fibres reduce and glycolytic fibres increase 
before puberty in cattle, ICDH reduces and the activity of glycolytic enzyme lactate 
dehydrogenase increases (Schreurs et al., 2008). This reflects the use of glycolytic 
metabolism to supply energy during periods of rapid growth before puberty 
(Brandstetter et al., 1998a). 
The high correlation between ICDH activity and TAG (Jurie et al., 2007) aligns with 
the use of fatty acids as an energy source for oxidative metabolism (Ashmore, 1974). 
Considering this relationship, it follows that as intramuscular fat increases, ICDH 
activity is likely to increase. This aligns with the findings of Jurie et al. (2007) who 
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showed that ICDH activity is increased in genotypes of cattle which deposit greater 
amounts of intramuscular fat.  
2.6.4.2 Isocitrate dehydrogenase activity and growth  
There is a limited amount of information on how growth impacts muscle ICDH activity 
in sheep but work in rabbits and rats has demonstrated higher ICDH activity with 
increased growth rates (Pascual and Pla, 2007). This aligns with the findings in sheep 
where growth is restricted due to nutritional restriction, resulting in reduced ICDH 
activity (Gardner et al., 2006b). These associations may be affected by maturity with no 
difference in ICDH Activity in rabbits selected for growth when compared at a similar 
degree of maturity (Hernández et al., 2004).  
In ruminants the existing evidence does not give a clear association between ICDH 
activity and growth however it may be inferred from the association between ICDH 
activity and muscle fibre type. ICDH expression is higher with type I muscle fibres 
(Brandstetter et al., 1998a) and these fibres increase as animals mature (Brandstetter et 
al., 1998a; Greenwood and Cafe, 2007). Therefore, a fast growing animal tending 
toward a larger mature size is likely to be less mature at a given age when compared to a 
slower growing animal tending toward a small mature size, which is likely to result in 
reduced ICDH activity.  
Selection for increased muscle in sheep increases the expression of type IIX fibres 
(Wegner et al., 2000) resulting in a reduced expression of ICDH activity (Gardner et al., 
2006b).  
2.6.4.3 Production factors which influence isocitrate dehydrogenase activity 
ICDH activity varies with production factors including age, sex, and genotype. ICDH 
activity increases with age (Brandstetter et al., 1998a; Gardner et al., 2007; Jurie et al., 
 52 
 
2005) and maturity (Schreurs et al., 2008), most likely due to increased proportions of 
type I muscle fibres (Brandstetter et al., 1998a).  
There is a small variation in ICDH activity between sexes with activity being 2% higher 
in wethers than ewes (Gardner et al., 2007). Castration has also been found to impact in 
cattle, with bulls having higher ICDH activity than steers, which aligns with the 
increase in oxidative type I muscle fibres (Brandstetter et al., 1998b). Bulls also have a 
reduced lipid concentration and which is likely to be due to the use of fatty acids as an 
energy source for oxidative metabolism (Ashmore, 1974).  
Genotype impacted significantly on ICDH activity with Border Leicester x Merino 
sheep having up to 30% lower ICDH activity than Poll Dorset x Merino sheep 
depending on the age at which the comparison was made from 8 to 22 months of age 
(Gardner et al., 2007). Genotypes which express higher levels of intramuscular fat have 
increased ICDH activity  in sheep (Pethick et al., 2005c), cattle (Hocquette et al., 2003; 
Jurie et al., 2007; Pethick et al., 2005c), pigs (Essén-Gustavsson et al., 1994) and 
rabbits (Gondret et al., 1998). Selection for leanness in lambs results in a reduction in 
intramuscular fat (Pannier et al., 2014c) therefore a concurrent reduction in ICDH 
activity (Gardner et al., 2007; Gardner et al., 2006b) was to be expected.   
2.6.5 Myoglobin concentration 
Myoglobin is the heme protein primarily responsible for the colour of meat (Fox and 
Jay, 1966; Kim et al., 2010; Livingston and Brown, 1981). Meat colour is the most 
important attribute influencing purchase decisions (Mancini and Hunt, 2005), with 
deviations from the bright cherry red colour of meat responsible for product rejection 
(Suman and Joseph, 2013). Therefore myoglobin concentration is an important 
consumer trait. Myoglobin is the primary oxygen-carrying pigment of muscle tissues 
53 
 
supplying oxygen to the mitochondria within muscle fibres (Wittenberg and Wittenberg, 
2007). Other heme proteins, including haemoglobin (Rickansrud and Henrickson, 1967) 
and cytochrome-c (Girard et al., 1990) are present but unlike myoglobin have little 
effect on the colour of meat (Ledward, 1992).  
There are four major chemical forms of myoglobin which are responsible for meat 
colour, oxymyoglobin, deoxymyoglobin, metmyoglobin and carboxymyoglobin 
(Giddings and Solberg, 1977; Mancini and Hunt, 2005) with the relative proportions of 
these forms of myoglobin determining the colour of fresh meat.  
Oxymyoglobin has the characteristic cherry red colour that is seen when myoglobin is 
exposed to oxygen in the atmosphere. Oxygen is required to maintain this state.  
Deoxymyoglobin is the deoxygenated state of myoglobin with a purplish red colour 
typically associated with muscle immediately after cutting. Low oxygen tension is 
required to maintain this state.  Metmyoglobin is brown in colour and is formed when 
the ferrous iron in either oxymyoglobin or deoxymyoglobin oxidises to ferric iron 
(Livingston and Brown, 1981; Wallace et al., 1982).  Carboxymyoglobin is formed 
when deoxymyoglobin binds with carbon monoxide forming a bright red colour. This 
commonly occurs during packaging with low levels of carbon monoxide (Hunt et al., 
2004; Luno et al., 2000; Sørheim et al., 2001).  
The chemical reactions of oxygenation, oxidation, reduction and 
carboxymyoglobination cause myoglobin to move from one chemical form to another 
(Figure 2-7). During oxygenation, myoglobin is exposed to oxygen causing 
deoxymyoglobin to convert to oxymyoglobin (Reaction 1).  
Over time, as the oxygen within meat is utilised, oxymyoglobin is deoxygenated back 
into the less stable deoxymyoglobin, which then becomes oxidised to form 
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metmyoglobin with oxidative triggers such as low oxygen partial pressure, temperature 
and pH (Mancini and Hunt, 2005) (Reaction 3). This is a two-step process as 
oxymyoglobin does not convert to metmyoglobin directly (Reaction 2). Enzymatic and 
non-enzymatic processes can reduce ferric metmyoglobin back into ferrous 
deoxymyoglobin (Reaction 4) with oxygen consumption, metmyoglobin reducing 
activity and nicotinamide adenine dinucleotide (NADH) availability significantly 
influencing the reaction.  
Carboxymyoglobination occurs when carbon monoxide binds to deoxymyoglobin 
(Reaction 5). The chemistry of this reaction is not completely understood however 
deoxymyoglobin is more readily converted to carboxymyoglobin than oxymyoglobin or 
metmyoglobin are. When carboxymyoglobin is exposed to atmospheres free of carbon 
monoxide the carbon monoxide will slowly dissociate from myoglobin (Mancini and 
Hunt, 2005). 
 
Figure 2-7 Interconversions of myoglobin redox forms in fresh meat. Source: AMSA Color Measurement 
Guidelines (AMSA, 2012) 
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2.6.5.1 Myoglobin concentration and fibre type  
Myoglobin concentration is linked to muscle fibre type with type I muscles having a 
greater concentration of myoglobin (Pethick et al., 2005c). Therefore, along with ICDH 
activity, myoglobin concentration can be used as an indicator of oxidative metabolism. 
Furthermore, factors which influence oxidative capacity are likely to influence meat 
traits linked to muscle fibre type.  
The increase in myoglobin concentration with age (Gardner et al., 2007; Pethick et al., 
2005c) is in line with a change to an increasing proportion of type I muscle fibres and a 
more oxidative muscle metabolism (Brandstetter et al., 1998a; Greenwood et al., 2007; 
Suzuki and Cassens, 1983; White et al., 1978). As expected, higher levels of glycolytic 
type IIX fibres are associated with a reduction in myoglobin concentration (Gardner et 
al., 2007).  
2.6.5.2 Myoglobin concentration and growth  
Myoglobin concentration is reduced in slower growing breeds of lamb which are less 
mature at a given age, such as Merinos (Gardner et al., 2007) and has been shown to be 
higher in fast growing lamb which are likely to be closer to their mature size (Gardner et 
al., 2007).  
Nutrition has been shown to impact muscle fibre type (Greenwood et al., 2006b; Moody 
et al., 1980), which may subsequently alter oxidative capacity including myoglobin 
concentration. Nutritional restriction in lambs, which in turn will restrict growth rates, 
has been shown to reduce myoglobin concentration with a magnitude of effect four 
times greater than as genotypic effects (Gardner et al., 2006b).  
Selection for increased muscle using ASBVs for increased PEMD has been shown to 
increase the proportion of type IIX glycolytic fibres (Greenwood et al., 2006c; Wegner 
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et al., 2000) and reduce myoglobin concentration (Gardner et al., 2006b). However, 
while selection for leanness using ASBVs for reduced PFAT also increased the 
proportions of type IIX glycolytic fibres, an associated reduction in myoglobin 
concentration was expected but not seen (Gardner et al., 2006b).  
2.6.5.3 Production factors which influence myoglobin concentration 
Myoglobin concentration is influenced by production factors including age, sex and 
genotype. Age is a strong driver of myoglobin concentration in sheep with myoglobin 
doubling in all muscles between 4 and 22 months of age in the Gardner et al. (2007) 
study. In this study the greatest increase in myoglobin occurred between 4 and 8 months 
of age.  The increase in myoglobin with age is a consistent finding in sheep (Ledward 
and Shorthose, 1971; Pethick et al., 2005b) with Jacob et al. (2007) demonstrating an 
increase between 5 and 12 months of age. As with age, myoglobin concentration 
increases as lambs approach maturity (Gardner et al., 2007). As higher myoglobin 
concentrations are associated with increased redness in meat, at maturity animals have 
redder meat (Hopkins et al., 2007). 
The influence of sex on myoglobin concentration is not straightforward. Although 
wether lambs have been shown to have reduced proportions of type IIX fibres than ewe 
lambs (Greenwood et al., 2007) and thus greater oxidative metabolism, Ledward and 
Shorthose (1971) showed that ewe lambs had 10% more myoglobin than wether lambs. 
In contrast to these findings, and to the hypothesis based on fibre type,  Gardner et al. 
(2007) found no impact of age on myoglobin concentration (P  > 0.05).  
The impact of genotype on myoglobin concentration varies, with studies showing 
reduced myoglobin concentration in slow growing Merinos compared to faster growing 
breeds (Gardner et al., 2007; Gardner et al., 1999) while Hopkins et al. (2005) showed 
no difference between Merinos and other genotypes.  
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The inconsistent variation between myoglobin concentration with sexes and genotypes 
indicates that changes in fibre type with lamb growth do not explain the entire variation 
in myoglobin concentration and further studies are needed to explain the associations.  
2.6.6 Iron and zinc concentration 
Iron and zinc are key nutrients for human health and consumers assess meat quality by 
reliance quality traits which include nutrition (Pethick et al., 2006a; Troy and Kerry, 
2010). Red meat is recognised as one of the best sources of iron and zinc because of 
their high bioavailability in meat compared to plant sources (Linder, 1991). Australian 
lamb is currently marketed as a good source of both minerals (Pannier et al., 2014b; 
Pannier et al., 2010).  
Iron and zinc concentration are higher in muscles with greater proportions of oxidative 
fibres (Cassens et al., 1967) and have a positive association with intramuscular fat. 
Therefore, factors which impact oxidative capacity may in turn influence iron and zinc 
concentration in meat.   
2.6.6.1 Iron and zinc concentration and growth  
Iron and zinc concentration are influenced by growth with higher levels in lamb 
(Pannier et al., 2014b) and cattle (Kirchgessner et al., 1994) with heavier hot carcass 
weights. While a similar finding of increased zinc concentration with increased weight 
was found in the Bellof et al. (2007) study in lambs, there was no increase in iron 
concentration. The Bellof et al. (2007) study was based on the averaged iron and zinc 
concentrations from the total muscle tissue however Lin et al. (1988) found that when 
examining retail lamb cuts iron concentration was highest in the loin. The use of total 
muscle tissue may explain the lack of alignment with mineral changes found in the loin 
in the Bellof et al. (2007) study. In direct contrast to the findings above, Lin et al. 
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(1988) found a reduction in iron and zinc concentration with increasing carcass weight. 
However, the magnitude of the effect was small with iron and zinc concentrations 
influenced more by age than weight. 
Selection for increased growth via the PWWT ASBV was expected to reduce iron and 
zinc concentration in the (Pannier et al., 2014b) study however there was no 
association. The hypothesis was based on progeny of high PWWT sires having an 
increased mature size (Huisman and Brown, 2008) and therefore being less mature at 
the same slaughter age. While age has a large impact on both iron and zinc 
concentration (Pannier et al., 2014b) the variation in maturity at a given age with 
differing PWWT may be too small to impact iron and zinc concentration.  
2.6.6.2 Production factors which influence iron and zinc concentration 
Iron and zinc concentrations vary with production factors including age, sex, and 
genotype. Iron and zinc concentrations increase with age in lambs (Lin et al., 1988; Ono 
et al., 1984; Pannier et al., 2010) while iron concentration increases with age in cattle 
(Doornenbal and Murray, 1982; Kotula and Lusby, 1982) and zinc concentration 
increases with age in pigs (Cassens et al., 1967).  
Iron concentration was higher in ram lambs compared to ewe lambs in the Bellof et al. 
(2007) study of 108 lambs. However, this association was only present in ram and ewe 
lambs up to 30 kg body weight, after which there was no difference in iron 
concentration between ram and ewe lambs. In the same study, zinc concentration was 
also higher in ram lambs than ewe lambs, which aligns with greater proportion of 
glycolytic type IIX fibres in ewe lambs (Greenwood et al., 2007). In contrast, iron 
concentration was higher in ewe lambs compared to wether lambs in both the (Pannier 
et al., 2014b) and (Pearce et al., 2009) studies, although the reason for this is unknown.  
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Animal breed can impact mineral levels (Underwood, 2012) and iron and zinc 
concentration have been found to vary between some sire types. Pannier et al. (2014b) 
found that Terminal sired lambs had the lowest iron concentration while it was 
intermediate in Maternal sired lambs and highest in Merino sired lambs. Terminal sired 
lambs have more glycolytic type IIX fibres (Greenwood et al., 2007) which may reflect 
their lower iron levels. There was no difference in zinc concentration between lambs 
from either Terminal or Merino sire types however lambs from Maternal sires had the 
highest zinc concentrations (Pannier et al., 2014b). As there is no general alignment in 
iron and zinc concentration of progeny of different sire types and between the sexes it is 
unlikely that these effects are mediated by growth alone.  
2.6.6.3 Iron and zinc concentration and fibre type 
Iron and zinc concentrations are higher in muscles with greater oxidative, type I fibres 
(Beecher et al., 1968; Cassens and Cooper, 1971; Cassens et al., 1967). Thus muscles 
with reduced oxidative capacity have been shown to contain reduced iron and zinc 
concentrations (Kondo et al., 1991; Pearce et al., 2009). Factors contributing to the 
reduction of these minerals are likely to include lower concentrations of myoglobin, less 
vascularisation (Choi and Kim, 2009; Lefaucheur, 2010) and fewer mitochondria 
(Hoppeler, 1985).  
Iron and zinc concentration increases with age (Pannier et al., 2014b) as does oxidative 
fibre type (Brandstetter et al., 1998a). The strong association between iron and zinc 
concentration and oxidative fibre type is due to the function of these minerals in 
oxidative fibres. Iron is a component of myoglobin (Hazell, 1982) and zinc is associated 
with antioxidant cascades and the electron transport chain (Powell, 2000) both of which 
are also associated with more oxidative fibre types.  
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Given that ICDH activity and myoglobin concentration are indicators of oxidative 
capacity, they have a positive association with iron and zinc concentration (Pannier et 
al., 2014b). The magnitude of the association was greater for iron, which increased two-
fold more than zinc across the same range of ICDH activity and four-fold more across 
the same range of myoglobin concentration, indicating a stronger alignment of iron 
concentration with oxidative capacity.  This was supported by stronger phenotypic and 
genotypic correlations between ICDH activity and myoglobin concentration with iron 
than with zinc (Mortimer et al., 2014).  
Selection for leanness via a reduced PFAT ASBV has been shown to increase the 
proportion of type IIX muscle fibres (Greenwood et al., 2006c), which results in 
reduced oxidative capacity indicated by myoglobin levels (Gardner et al., 2006b) as 
well as a reduction in iron levels (Pannier et al., 2014b). No association has been found 
between selection for a reduced PFAT and zinc concentration (Pannier et al., 2014b).  
Selection for an increase in muscle using the PEMD ASBV reduces the proportion of 
oxidative muscle fibres (Greenwood et al., 2006c), which aligns with a reduced 
myoglobin concentration in the Gardner et al. (2006b) study. Despite the strong 
association between myoglobin concentration and iron concentration, Pannier et al. 
(2014b) found no subsequent reduction in iron or zinc concentration.  
As iron and zinc are highly linked to muscle fibre type, factors which influence muscle 
oxidative capacity and fibre type are likely to impact iron and zinc concentrations. The 
association between iron concentration and fibre type is stronger,  likely to be due to the 
direct involvement of iron as a key component of myoglobin, so impacts to fibre type 
may be more strongly reflected in iron concentration than zinc concentration.  
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2.6.7 Meat browning 
Lamb meat develops a desirable bright red colour after exposure to oxygen allows 
myoglobin pigments to transform from the purple pigment deoxymyoglobin into the red 
pigment oxymyoglobin. Meat browning then occurs over time on retail display as 
oxymyoglobin auto-oxidises to form the brown pigment metmyoglobin 
Consumers are able to detect this change in meat colour (Khliji et al., 2010) and 
associate browning with a lack of freshness and quality (Faustman and Cassens, 1990) 
leading to product rejection and revenue loss (Mancini and Hunt, 2005; Suman and 
Joseph, 2013). Retail shelf life for lamb meat in Australia is currently 2 to 3 days 
(Calnan et al., 2014; Jacob et al., 2007). 
Price discounts due to meat browning in beef are estimated to total more than one 
billion dollars in the United States each year (Smith et al., 2000) with an average loss of 
meat sales due to colour deterioration estimated to be 3.7% (Williams et al., 1992). In 
Australia this would equate to a loss of $353 million based on a slaughter value of 
$9,541 million for beef and lamb in the 2009-2010 financial year. While the importance 
of meat quality traits varies by country (Warner et al., 2010) a consumer survey carried 
out in six European countries identified meat colour at retail display as the most 
important intrinsic quality when purchasing beef, pork or chicken (Glitsch, 2000) and in 
a Japanese survey 58% of participants identified meat colour as the most important 
factor when selecting beef products (Sanders et al., 1997).  
Meat colour can be measured using light wavelength reflectance with the ratio of 
reflectance at 630 mm and 580 mm (R630/R580) representing the redness:brownness of 
the meat surface. This measurement is also known as the oxy/met ratio (Hunt et al., 
2001). The ratio approaches a minimum value after 3 days of simulated retail display in 
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lamb meat (Jacob et al., 2014). The ratio needs to exceed 3.3 units for the average 
consumer to deem lamb meat an acceptable red colour (Khliji et al., 2010).  
Reducing the rate of meat browning relies on an understanding of oxygen diffusion and 
consumption and the rate of auto-oxidation of myoglobin pigments into metmyoglobin 
(Jose, 2011). The  rate of metmyoglobin reduction may also be important (Faustman 
and Cassens, 1990) however its importance remains unclear (Bekhit and Faustman, 
2005). In cattle Bekhit et al. (2003) found that NADH, which is integral in 
metmyoglobin reduction, was more important in governing meat colour than 
metmyoglobin reducing activity. In sheep the importance of the reduction process has 
not yet been established as studies in lamb loin have found no correlation between 
metmyoglobin reducing ability and meat colour (Bekhit et al., 2001).   
Strategies to reduce meat browning include packaging modification and the use of 
dietary anti-oxidants supplementation (Mancini and Hunt, 2005). The antioxidant 
Vitamin E has been used successfully in the finishing diet of animals to reducing the 
rate of browning in beef (Faustman et al., 1989) and lamb (Strohecker et al., 1997).  
2.6.7.1 Meat browning and fibre type  
Meat browning is linked to fibre type as numerous studies have shown that muscle 
oxidative capacity impacts the rate of meat browning (Calnan et al., 2014; Jeong et al., 
2009). More oxidative muscles are prone to more rapid meat browning than more 
glycolytic muscles (O'keeffe and Hood, 1982; Renerre and Labas, 1987).  
Oxidative, type I, muscle fibres are associated with greater concentrations of 
mitochondria (Klont et al., 1998). Increased mitochondrial activity leads to increased 
production of free radicals that trigger myoglobin oxidation. Thus, muscle fibre types 
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with high numbers of mitochondria, such as type I muscle fibres, can be detrimental and 
accelerate meat browning (Sammel et al., 2002).             . 
Increased meat browning is also associated with increased intramuscular fat. The 
reactive products of lipid oxidation accelerate the oxidation of myoglobin (Buckley et 
al., 1995; Faustman et al., 1999) and thus browning.  Therefore, strategies to inhibit 
lipid oxidation also reduce meat browning (Faustman et al., 2010). Furthermore, 
intramuscular fat is increased with oxidative fibre types (Hocquette et al., 2003; Jurie et 
al., 2007) which also increase meat browning.   
2.6.7.2 Meat browning and growth  
Meat browning is influenced by weight and stage of maturity but not by genetic 
selection for growth. In Australia the maturity of lambs at slaughter has been reduced 
(Hall, 2000) by selection for sires with high post weaning weight progeny leading to 
increased growth rates (Hall et al., 2002). Reduced maturity is associated with reduced 
muscle oxidative capacity (Brandstetter et al., 1998a)  thus the rate of meat browning 
may be reduced with selection for growth. 
Calnan et al. (2014) used hot carcass weight, as a proxy for whole of life growth rate, to 
demonstrate an association between increased growth and a reduced rate of meat 
browning. This association did not change with correction for the oxidative enzyme 
ICDH activity. This indicated that the impact of phenotypic growth rate on meat 
browning was not delivered through an altered oxidative capacity.    
Although increased growth caused a reduction in meat browning, selection for increased 
growth using the PWWT ASBV did not have any further impact on meat browning 
(Calnan et al., 2014). Overall, the impact of growth on meat browning appears to be 
independent of growth.  
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2.6.7.3 Production factors which influence meat browning 
Environmental and production factors such as diet (Faustman and Cassens, 1990) and 
genetics (King et al., 2010; Mortimer et al., 2010) can have an impact on meat 
browning. Diet and genetics can increase growth and it is unknown based on current 
literature whether the impact of these production factors are simply proxies for the 
impact of growth on meat browning.  
Calnan et al. (2014) reported an reduction in browning in meat from lambs born to 
Terminal and Maternal sires compared to meat from progeny of Merino sires. Lambs 
born to Terminal and Maternal sires have a greater potential for increased muscling, 
which increases the expression of type IIX glycolytic muscle fibres, reducing muscle 
oxidative capacity (Greenwood et al., 2006c; Greenwood et al., 2007) and reducing 
meat browning. 
While the proportion of type IIX fibres increase with selection for muscling (Wegner et 
al., 2000), the proportion of type I oxidative fibres increase with age (Warner et al., 
2007) and maturity (Suzuki and Cassens, 1983; White et al., 1978). The increase in 
oxidative fibres with age and maturity  leads to increased browning (Renerre, 1990).  
Consumers relate browning to meat from mature animals (Jeyamkondan et al., 2000). 
While browning is generally more rapid in mature animals due to increased proportions 
of oxidative fibres, meat browning can occur in meat from animals at any stage of 
maturity.  
Several authors have investigated the link between myoglobin concentration and meat 
browning given that browning is caused by myoglobin oxidation. However, findings 
have been mixed. O'keeffe and Hood (1982) speculated that muscles containing lower 
myoglobin would brown faster because their myoglobin oxidised at a greater frequency. 
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However, this was not supported by the work of  King et al. (2010)  who found that 
breeds with reduced myoglobin concentration had the reduced browning or the work of 
McKenna et al. (2005)  who found no relationship between myoglobin content and meat 
colour across 19 muscles in beef. 
There are a number of additional intrinsic and extrinsic factors beyond the scope of this 
thesis that impact on meat browning including pH, rate of pH decline, temperature and 
light, presence of antioxidants, lipid oxidation, bacterial contamination and packaging 
(Lawrie, 1983; Mancini and Hunt, 2005; Suman et al., 2014; Warner et al., 2007). 
Variation in the response of meat browning to changes in growth rate or with muscle 
fibre type may be due in part to some of these factors.  
 
2.7 Hypothesis 
This thesis explores the effect of selection for increased growth in lambs on muscle 
oxidative capacity and meat quality. The impact of weight and growth rate at key times 
during production are investigated. These aspects are covered in the following chapters; 
the hypotheses of which are outlined below: 
Chapter 3: Comparison of linear and nonlinear functions to estimate lamb growth  
The aim of this chapter is to determine the most appropriate method of fitting a growth 
curve to lambs, based on residual weight values, to determine reliable estimates of 
weight and growth rate at key time points during production.  
The specific hypotheses tested were:    
 The mean squared error would be lowest for a random effects model curve fit rather 
than a biologically based Brody curve fit or a cubic polynomial curve fit.  
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Chapter 4: Lamb birth and rearing type influence growth and weight potential of 
progeny from high growth sires 
The aim of this chapter was to determine the impact of nutritional restriction on growth 
of lambs from high growth sires. In addition to environmental variation, sources of 
nutritional restriction included both dam and lamb factors with reduced milk production 
in some dam breeds and sibling competition in-utero and pre weaning. The impact of 
these forms of nutritional restriction on progeny of high post weaning weight sires 
achieving expected weights was also investigated. The impact of breeding values for 
muscling and leanness on lamb weight were also investigated.  
The specific hypotheses tested were: 
 The magnitude of the sire PWWT effect would vary between sites as nutrition 
varies between sites 
 Lambs born and raised as multiples would have a reduced response to increased 
sire PWWT 
 Lambs born to Merino dams would have a reduced response to increased sire 
PWWT 
 Lambs from high PEMD sires and lambs from low PFAT sires would be heavier 
Chapter 5: Selection for lean meat yield in lambs reduces indicators of oxidative 
metabolism in the longissimus muscle 
The aim of this chapter is to evaluate the impact of selection for lean meat yield on 
muscle oxidative capacity. The activity of the oxidative enzyme isocitrate 
dehydrogenase and the concentration of the red pigment of muscle myoglobin were 
used as indicators of oxidative capacity. The impact of production factors on muscle 
oxidative capacity was also investigated.  
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The specific hypotheses tested were: 
 Selection for leanness via increasing sire PEMD ASBVs and reducing sire PFAT 
ASBVs would reduce oxidative capacity in the muscle of their progeny 
 Selection for growth via an increased sire PWWT ASBV would reduce oxidative 
capacity in the muscle of their progeny 
 Muscle oxidative capacity would vary between sites 
 The magnitude of the effect of production factors on muscle oxidative capacity 
would be greater than the magnitude of the genotypic effects   
Chapter 6: Lamb growth increases intramuscular fat levels and reduces shear force in 
the longissimus muscle  
The aim of this chapter was to evaluate the impact of weight and growth rate on meat 
quality traits of intramuscular fat, shear force and consumer overall liking. These traits 
were selected due to the direct link with palatability and consumer acceptance of lamb 
meat. Hot carcass weight is commonly used as a proxy for lamb growth however this 
whole of life growth rate has not been verified as a good measure of lamb growth. 
Furthermore, it cannot distinguish the impact of growth at important time points during 
production such as weaning and post weaning. The impact of weight and growth rate on 
these traits, at weaning and post weaning time points, is compared to the impact of hot 
carcass weight on the same traits.   
The specific hypotheses tested were: 
 Intramuscular fat and overall liking would increase with lamb growth 
 Shear force would reduce with lamb growth 
 Hot carcass weight would be a poor proxy for lamb growth  
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Chapter 7: Lamb growth increases oxidative capacity and mineral content in the 
longissimus muscle 
The aim of this chapter was to evaluate the impact of weight and growth rate on meat 
quality traits related to oxidative capacity, mineral content and meat browning. 
Specifically, isocitrate dehydrogenase activity and myoglobin concentration were 
investigated as markers of oxidative capacity and iron and zinc concentration were the 
minerals investigated. These meat traits were selected due to their strong links with 
muscle fibre type and the impact that changes in fibre type can have on the nutritive 
value and retail shelf life of lamb meat. For the reasons previously mentioned, these 
impact of weight and growth rate on these traits is compared to the impact of hot carcass 
weight on these traits, as in Chapter 6.  
 Oxidative capacity would increase with lamb growth   
 Iron and zinc concentration would increase with lamb growth 
 Lamb meat would brown more rapidly with lamb growth 
 Hot carcass weight would be a poor proxy for lamb growth 
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Chapter 3. Comparison of linear and nonlinear 
functions to estimate lamb growth 
 
3.1 Introduction 
Lamb growth is modelled as a function of weight change between birth and maturity. It 
follows a sigmoidal pattern with the greatest growth rate after birth in the exponential 
phase, a declining growth rate as the animal nears its mature weight in the transitional 
phase and a stable mature weight in the plateau phase (Hendrick et al., 1989). As 
incomplete weight data recordings are common in industry utilisation of the data that is 
available is essential. This requires the fitting of a growth curve to available weight data 
so that weight and growth rate can be estimated at specific times of interest. 
A variety of growth functions exist. They can be broadly grouped into linear and 
nonlinear functions which can be fitted to individual animals or populations of animals. 
The Brody function (Brody, 1945) is a nonlinear function which is fitted to the live 
weight data of individual animals. It is utilized because of the easy biological 
interpretation of the parameters with the shape of the curve being linked to the mature 
weight and maximum growth rate of the sheep (Topal et al., 2004). However, the Brody 
function tends to overestimate weight during early life growth (Beltrán et al., 1992; 
Gbangboche et al., 2008) and gives biased estimates close to the edge of the available 
data. 
A second group of functions which are fitted to the weight data of individual animals 
are polynomial functions. Unlike the Brody function, polynomials are linear functions. 
They are attractive as the fit of these functions generally increases with the order of the 
 70 
 
polynomial, with a third degree cubic polynomial often used to model weight data. 
However, there is no biological basis to polynomial function and the asymptote can 
cause overestimation of weight close to adulthood.  
Random effects models are a population based curve fit which uses a fixed regression to 
describe the average shape of a growth curve, and a random regression for each animal 
to account for deviations from the fixed regression. With the ability to easily 
accommodate missing weight data, overcoming the common difficulty of incomplete 
weight data recording in an industry setting, it is a commonly used as a growth function 
(Lewis and Brotherstone, 2002). As random effects models are based on a polynomial 
function they have similar limitations. However, the ability to incorporate different 
durations of data collection results in unbiased estimations of weight than from the 
individual based curve fits. 
Weight data recorded in an industry setting often differs in lengths with some animals 
being weighed frequently for variable lengths of time (i.e. months to years), and others 
being weighed less frequently and also for variable lengths of time. While random 
effects model methodology is not biased by these differences in data availability, 
functions such as the Brody’s are heavily influenced. Therefore, when functions are 
fitted on an individual animal basis those animals with data collected for shorter periods 
are likely to be somewhat biased for weights estimated at the edge of their available 
data compared to those with weights collected for periods that extend well beyond this 
point. 
Assessment of residual weights (the difference between the estimated weight and the 
recorded weight) after a growth function has been fitted is a useful way of assessing 
curve fit. Specifically, the mean square error, which is the average value of the squared 
residual weights, is commonly used (Topal et al., 2004). It is a useful measure of fit as it 
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can be compared across both linear and nonlinear curves and is not biased by the 
number of weight recordings each animals has. As the fit of different functions may 
vary with time, the residual weights can also be assessed during specific times of 
interest for comparison between curves.   
As linear and nonlinear functions are known to have limitations when estimating growth 
and random effects models can accommodate missing weight data and different 
durations of data collection, it is hypothesised that the fit of the random effects model 
will have a lower mean square error. 
 
3.2 Materials and Methods 
3.2.1 Experimental Design 
The Information Nucleus Flock experiment, from which lamb weight data was sourced, 
was conducted at eight sites across Australia, representing a broad range of production 
systems (Kirby NSW, Trangie NSW, Cowra NSW, Rutherglen VIC, Hamilton VIC, 
Struan SA, Turretfield SA, and Katanning WA). These sites were a component of the 
Sheep CRC’s Information Nucleus Flock the details of which were presented by 
Fogarty et al. (2007) and van der Werf et al. (2010). A total of 18,185 lambs from 
Maternal (n=3,633), Merino (n=6,895) and Terminal sires (n=7,657) were produced 
between 2007 and 2011. Lambs were weighed at birth, at weaning (90 days of age) and 
approximately every two weeks thereafter. A large proportion of lambs were 
slaughtered at a target weight of 23 kg, as early as 145 days. However, some lambs 
were retained and continued to have weights recorded. As the final weight recorded for 
most lambs was within 300 days, a decision was made to restrict the weight recordings 
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used to 300 days. Lambs were reared under extensive pasture grazing conditions and fed 
grain, hay or feedlot pellets when feed supply was limited (Ponnampalam et al., 2014b).    
 
3.3 Statistical Analysis 
3.3.1 Data available 
Each of the 18,185 lambs had between 1 and 16 records, with an average of 8 records 
per lamb. This resulted in 142,572 weight recordings. 18,139 lambs had weight 
recordings on the day of birth. The distribution of weight recordings available between 
day 1 and day 300 is presented in Figure 3-1. The Brody fit required at least three 
weight recordings and the cubit fit required at least four weight recordings. For 
comparison, all three functions were fitted to weight data for animals with four or more 
live weight recordings. Lambs weights were incorrectly measured or recorded at the 
Turretfield site during a 14 day period in 2011. Four hundred and thirty three weight 
recordings from this period at the Turretfield site were removed before curve fitting. 
This resulted in all three functions being fitted to 17,382 animals with 141,050 weight 
recordings. As random effects models can accommodate animals with as little as one 
weight recording, the model was also fitted to the entire population 18,185 lambs with 
142,572 weight recordings.  
Brody and Legendre cubic polynomial functions were fitted to the weight data of each 
individual animal.  A cubic Legendre polynomial was also fitted using a Bayesian 
random effects model to the entire population. 
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Figure 3-1 Graph of the number of weight recordings against lamb age (in days) between 1 and 300 days.  
 
3.3.2 Nonlinear curve fit 
A Brody growth curve (Brody, 1945) was fitted to each individual animals weight. As 
estimated values for initial weight and mature weight in the nonlinear growth formulas 
are highly correlated (Cullis and McGilchrist, 1990; Lewis et al., 2002) the modified 
formula, as derived by Doren et al. (1989) was used:   
Wt[t] = A – (A – Wt0)e
-kt
 
Where Wt[t] is the weight at time t, expressed in days, Wt0 is the observed birth weight, 
A is the asymptotic limit of the weight when t approaches infinity, e is the base of 
natural logarithm, and k is a curve parameter representing the ratio of maximum growth 
rate to mature size, referred to as the maturing rate. Values for A were restricted to less 
than 100 kg and values for k were restricted to lie between 0 and 1. The Brody curve 
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was fitted using nonlinear regression with the NLIN procedure of SAS (SAS Version 
9.1, SAS Institute, Cary, NC, USA) where the curve parameters A and k were 
determined iteratively using a Gauss-Newton algorithm (Hartley, 1961). The curves of 5 
animals did not converge. Outlier weights were identified by large residual values (> 15 
kg), leading to the removal of a single weight recording from 13 different animals.  
3.3.3 Linear curve fit 
A third order orthogonal Legendre polynomial function was fitted to each individual 
animals weight data: 
Wt[t] = c0 + c1t + c2t
2
 + c3t
3
 
Where Wt[t] is the weight at time t, expressed in days, and c is the coefficient.  The 
cubic curve was fitted using the GLM procedure of SAS. Outlier weights were 
identified by large residual values (> 15 kg) and a single weight recording was removed 
from 4 animals.  
3.3.4 Random effects model fit using Bayesian analysis 
A Bayesian random effects model of third order polynomial was fitted to the weight 
data of the population in R, with each individual animals curve deviating from the 
population curve. Outlier weights were identified by large residual values (> 15 kg) and 
a single weight recording was removed from 4 animals. 
3.3.5 Curve fitting comparisons 
Goodness of fit for each curve was assessed using the mean squared error (MSE), as 
previously utilised for nonlinear growth curves in both sheep (Gbangboche et al., 2008; 
Topal et al., 2004) and cattle (Brown et al., 1976; Goonewardene et al., 1981). A MSE 
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was calculated for the curve fit between 0 and 300 days. An MSE was also calculated 
between 90 and 160 days as this captured the period where weights would be estimated, 
at 100 and 150 days, from the most appropriately fitting curve.  The coefficient of 
determination R
2
 was not reported as it is an inadequate measure of the goodness of fit 
in nonlinear models (Spiess and Neumeyer, 2010) therefore this could not be compared 
across all three models.  
The residual values from each curve fit (the difference between the estimated weight 
and the live weight recording) were assessed for normality, skewedness and kurtosis 
using the UNIVARIATE procedure of SAS. As there were greater than 2,000 weight 
observations, the Kolmogorov-Smirnov rather than the Shapiro-Wilk test for normality 
was used. The Kolmogorov-Smirnov test for normality (D) is based on the empirical 
distribution function (Stephens, 1974). Small values of D (<0.05) lead to the  rejection 
of the null hypothesis that that the residuals are normally distributed (Ayyangar, 2007). 
Skewedness was used to characterize whether the distribution of residuals is symmetric 
(if skewedness = 0 the distribution is symmetrical). Kurtosis was used to characterize 
the ‘peakedness’ of the distribution, where a normal distribution has a value of 0 (in 
SAS) and smaller values correspond to thinner tails  (less peakedness).   
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3.4 Results 
3.4.1 Nonlinear curve fit 
3.4.1.1 Mean square error 
The correlation between the observed weight and the estimated weight was 0.99 and the 
least squares estimates parameters for A was 63.92 ± 0.19 kg and for k was 0.008 ± 
0.001. The MSE for the Brody curve fit is presented in Table 3-1 The MSE over the 
period of interest (90-160 days) was 16% greater than over the whole range of the data 
(0-300 days). 
 
Table 3-1 Mean square error (MSE) ± standard error (kg
2
) for curve fits between 0 and 300 days and 90 
and 160 days for Brody, Cubic, Random Effects Model and Random Effects Model with all data 
(including animals with less than 4 live weight observations) curve fits. 
        
  MSE (0-300)   MSE (90-160) 
Brody 4.15 ± 0.03   4.82 ± 0.04 
Cubic 2.18 ± 0.02   2.77 ± 0.03 
Random Effects Model 3.07 ± 0.02   3.71 ± 0.04 
Random Effects Model (all data) 3.25 ± 0.03   3.85 ± 0.04 
 
3.4.1.2 Residual graph over time 
The average residual value between birth and 300 days was -0.003 kg and residual 
values varied between -13.95 and 12.66 kg. The average value of residuals for each 10 
day increment was plotted against time (Figure 3-2). Within a 10 day time period, the 
average positive residual value was as much as 1.65 kg while the average negative 
residual value was as much as -1.35 kg. The average residual value with the Brody 
curve fit varied from close to zero at birth to more than 1.5 kg close to the edge of the 
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recorded weights at 300 days. Between birth and 300 days the residual value fluctuated 
between positive and negative values at five different ages. During early life growth the 
Brody model was a less precise estimator of growth, with a large positive residual value 
at around 5 weeks of age followed by a large negative value at around 6 weeks of age. 
The fit was also less precise later in life, overestimating weight from 200 days onwards. 
At weaning (100 days) the residual value was three quarters of a kilogram while post 
weaning the residual value was negative by around 1 kg providing evidence of an 
overestimation of weight at weaning and an underestimation of weight post weaning to 
the 200 day time point.   
 
 
Figure 3-2 Graph of average residual weight (kg) per 10 day period with a Brody curve fit (-- -- -- --), a 
cubic curve fit (- - - -) and a random effects model fit (····). The solid line at residual weight zero 
represents the line the residuals would fall on if the random effects model were a perfect fit to the weight 
data. 
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3.4.1.3 Residual statistics – Normality, Skewedness and Kurtosis 
A test of normality for the residual values and values for skewedness and kurtosis are 
presented in Table 3-2 and a histogram for the residuals is presented in Figure 3-3. The 
test for the location of mu (the mean of the residuals) indicated that the mean was not 
significantly different than zero. The test of normality indicated that the distribution of 
the residuals was not normal. Although the Kolmogorov-Smirnov test was used over the 
Shapiro-Wilk Statistic due to the large sample size, increasingly small departures from 
normality are detected as the sample size increases, so the test for normality was 
interpreted in conjunction with the results for skewedness and kurtosis. The small 
negative skewedness score indicated that the distribution of the residuals was skewed to 
the right, indicating that the Brody function overestimated more weights than it 
underestimated. The positive kurtosis score indicated that the tails of the distribution 
were heavier than for a normal distribution, suggesting that there were more animals 
with extreme residual values than expected.  
 
Table 3-2 Results of tests for the location of mu, normality, skewedness and kurtosis of the average 
residual values from a Brody function fit to 17,377 animals. 
          
  Test Statistic Result P value 
Location of mu Students t-test t -0.55 0.58 
Normality Kolmogorov-Smirnov D 0.07 <0.01 
Skewedness Mardia - -0.18 - 
Kurtosis Mardia - 1.75 - 
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Figure 3-3 Histogram of the distribution of residual weight values (kg) against the percent frequency for 
the Brody function fit.  
 
 
3.4.2 Linear curve fit 
3.4.2.1 Mean square error 
The correlation between the observed weight and the estimated weight was high at 0.99. 
The MSE is reported in Table 3-1. The MSE over the period of interest (90-160 days) 
was 27% greater than over the whole range of the data (0-300 days). 
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3.4.2.2 Residual graph over time 
The average residual value between birth and 300 days was 5.67x10
-16
 kg and residual 
values varied between -12.02 and 13.01 kg. The average value of residuals for each 10 
day increment was plotted against time (Figure 3-2). Within a 10 day time period, the 
average positive residual value was as much as 0.57 kg while the average negative 
residual value was as much as -0.91 kg. Between birth and 300 days the curve fit 
oscillated approximately every two months between underestimating and 
overestimating weights.  Early life weight was underestimated while at around 100 
days, when lambs were weaned, weight was overestimated. This is followed by a 
similar pattern during the post weaning and maturation phases. Overall, the 
underestimation of weights during early and post weaning growth is larger in magnitude 
than the overestimation during weaning and maturation. 
3.4.2.3 Residual statistics – Normality, Skewedness and Kurtosis 
A test of normality for the residual values and the values for skewedness and kurtosis 
are presented in Table 3-3 and a histogram of the residuals is presented in Figure 3-4. 
The mean of the residuals was not significantly different than zero, and the test of 
normality indicated that the distribution of the residuals was not normal. The 
distribution of residuals had a small negative skewedness, indicating the distribution 
was skewed to the right. Therefore, the cubic function overestimated more weights than 
it underestimated. A positive kurtosis indicated that the tails of the distribution are 
heavier than for a normal distribution, so there were more animals with extreme residual 
values than expected.  
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Table 3-3 Results of test for the location of mu, skewedness, kurtosis and normality of the average 
residual values from a cubic function fit to 17,382 animals. 
          
  Test Statistic Result P value 
Location of mu Students t-test t 0.00 0.99 
Normality Kolmogorov-Smirnov D 0.06 <0.01 
Skewedness Mardia - -0.15 - 
Kurtosis Mardia - 2.66 - 
 
 
 
Figure 3-4 Histogram of the distribution of residual weight values (kg) against the percent frequency for 
the cubic function fit.   
 
3.4.3 Bayesian random effects model fit 
3.4.3.1 Mean square error 
The mean square error for the random effects model fit between birth and 300 days, as 
well as between 90 and 150 days is presented in Table 3-1. The MSE over the period of 
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interest (90-160 days) was 21% greater than over the whole range of the data (0-300 
days). When all live weight data, including animals with less than 4 weight recording, 
was used the MSE increased by 5%. 
3.4.3.2 Residual graph over time 
The average residual value between birth and 300 days was -0.001 kg and residual 
values varied between -13.84 and 13.95 kg. The average value of residuals for each 10 
day increment was plotted against time (Figure 3-2). Within a 10 day time period, the 
average positive residual value was as much as 0.67 kg while the average negative 
residual value was as much as -1.63 kg. During early life growth the average residual 
value with the random effects model fit was close to zero. At 50 days weight was vastly 
underestimated. At weaning (100 days) the residual value was about half a kilogram 
while post weaning the residual value was negative by close to 1 kg. This provides 
evidence of an overestimation of weight at weaning and an underestimation of weight 
post weaning to the 200 day time point.  In general, each function overestimated weight 
at weaning, and underestimated weight at the post weaning time point of 150 days, the 
magnitude of the difference being largest with the Brody fit and similar with the cubic 
and random effects model fits.  
3.4.3.3 Residual statistics – Normality, Skewedness and Kurtosis 
A test of normality for the residual values and values for skewedness and kurtosis are 
presented in Table 3-4 and a histogram of the residuals is presented in Figure 3-5. The 
mean of the residuals was not significantly different than zero. The test of normality 
indicated that the distribution of the residuals was not normal. The distribution of 
residuals had a negative skewedness, indicating the distribution was skewed to the right. 
Therefore, the random effects model overestimated more weights than it 
underestimated. A positive kurtosis indicates that the tails of the distribution were 
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heavier than for a normal distribution, so there were more animals with extreme residual 
values than expected. 
 
Table 3-4 Results of tests for the location of mu, skewedness, kurtosis and normality of the average 
residual values from a random effects model fit to 17,382 animals. 
          
  Test Statistic Result P value 
Location of mu Students t-test t -0.13 0.89 
Normality Kolmogorov-Smirnov D 0.04 <0.01 
Skewedness Mardia - -0.18 - 
Kurtosis Mardia - 1.87 - 
 
 
Figure 3-5 Histogram of the residual weight values (kg) against the percent frequency for the random 
effects model fit. 
 
3.4.4 Comparison of residual graphs over time 
A graph of the residual values over time for all three curve fits is presented in Figure 
3-2. From this graph it can be seen that during early life growth the random effects 
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model fit was the best estimator of weight while the Brody curve fit was the poorest 
with the largest residuals. Between 90 and 160 days all three curve fits were similar, 
although the cubic and random effects model fits had slightly lower residual values. 
During late life growth the Brody curve fit residual weights were as much as triple the 
values for a cubic or random effects model fit. 
 
3.5 Discussion 
3.5.1 Mean square error 
Contrary to our hypothesis, the MSE of the random effects model was not the lowest of 
the three models tested. Instead it was between the MSE of the Brody model, which was 
the highest, and the MSE of the cubic polynomial model which was the lowest. The 
hypothesis was based on the ability of random effects model to accommodate different 
durations of data collection.  While the lower MSE for the cubic fit was unexpected it 
was likely to be due to the relatively narrow spectrum of live weights over which the 
function was fitted. When weights were not restricted to less than 300 days the MSE of 
the cubic function increased significantly (data not shown) (MSE = 2.87). 
3.5.2 Curve attributes 
Linear models such as the cubic polynomial are uncommonly used as growth curves due 
to the lack of biological meaning of the parameters and the inherent sigmoidal nature of 
lamb growth. Furthermore, the fit of a polynomial will improve with the degree of the 
polynomial however the number of live weight recordings per animal to fit the function 
also increases. As industry data often varies in length and may not include a large 
number of recordings per animal, linear functions such as polynomials are not 
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frequently used. Where a large number of live weight recordings exist, the increased fit 
with the higher degree of polynomial will model factors which do not reflect the true 
weight of the lamb, such as gut fill.  
Meanwhile, nonlinear models are particularly appealing due to the ease of estimation 
and simplicity of interpretation (Bathaei and Leroy, 1996; Bathaei and Leroy, 1998). 
They can condense information contained in a data series into a few parameters with 
biological meaning (Fitzhugh, 1976) and have been used to model growth in both sheep 
(Gbangboche et al., 2008; Malhado et al., 2009) and cattle (Kaps et al., 2000).    
Various nonlinear equations are available to estimate animal growth including the 
biologically based Brody (1945), von Bertalanffy (1957), Richards (1959), Logistic 
(Nelder, 1961) and Gompertz (Laird, 1965) models. Moore (1985) described an ideal 
equation as one which adequately estimated the overall shape of a growth curve and can 
be extended or modified to give greater flexibility and precision.  Based on the 
sigmoidal nature of growth it could be expected that the Gompertz curve would give a 
better fit than an asymptotic curve such as Brody’s however the best fitting curve 
actually varies between species (Brown, 1970; Brown et al., 1976; Malhado et al., 
2009) and even between breeds (Topal et al., 2004).  
The lack of a single nonlinear curve to describe the growth of all animals is likely to be 
due to the failure of animals to achieve their potential to grow due to inadequate 
feeding, disease or adverse environments resulting in real growth data being 
inadequately described by a smooth function.  Therefore selection of the best nonlinear 
function to describe growth in sheep is debatable and often made empirically (Fitzhugh, 
1976). In this experiment the Brody function was chosen as the nonlinear model due to 
its ability to converge easily and accommodate missing data points (Kaps et al., 1999, 
2000), with the  number of individual convergences in relation to the total sample size 
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representing the best fit when comparing nonlinear models (Souza and Bianchini 
Sobrinho, 1994).  
3.5.3 Residual weights 
Residual weights, the difference between the estimated and the recorded weights, have 
been used as a measure of growth curve fit in both sheep (Lambe et al., 2006; Malhado 
et al., 2009; Topal et al., 2004) and  cattle (Brown, 1970; Brown et al., 1976). The 
ability of each function to estimate lamb weight varied with time, as shown by the 
residual weight graph (Figure 3-2). These variations in the residual weights from the 
Brody fit mirrored the results in other studies of an underestimation of birth weight 
(Malhado et al., 2009), an overestimation of weight during early life growth, including 
the weaning period at around 100 days (Gbangboche et al., 2008; Malhado et al., 2009), 
and an underestimation of weight during the post weaning period at around 150 days 
(Gbangboche et al., 2008).  In cattle Beltrán et al. (1992) found that the Brody model 
overestimated weights before 18 months, which included overestimation at weaning, as 
found in this study with lambs. 
Residual weights were squared, summed and averaged in this study to determine the 
mean squared error for the fit of each three curves. The MSE for the Brody function was 
the highest, indicating the poorest fit to the data and was similar to the MSE reported by 
Topal et al. (2004) in Morkaraman sheep.  The cubic polynomial had the lowest MSE 
although it can be seen from the residual weight graph (Figure 3-2) that the fit of the 
cubic polynomial and random effects model is similar. Furthermore, during the period 
of interest from 90 to 160 days, the MSE for the random effects model varied less from 
the MSE for the whole curve fit than with the cubic fit, indicating the stability of the fit 
varied little with time. The MSE for the cubic polynomial fit was lowest, however it had 
the highest frequency of high residual weights of all three curve fits (Figure 3-4) and the 
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random effects model fit had the lowest (Figure 3-5). The residual weights for the 
random effects model fit also displayed a similar skewedness but, as expected, lower 
kurtosis than the cubic polynomial fit.  
3.5.4 Random effects model 
The random effects model methodology offers a more powerful and flexible means of 
evaluating repeated live weight measures than a linear or nonlinear function including 
the ability to accommodate missing data points and estimate a growth curve for animals 
with as little as one weight recording. Environmental effects specific to the time of 
recording can be accounted for and models can accommodates genetic differences in the 
shape of each animal’s growth curve (Lewis and Brotherstone, 2002). This reduces 
potential bias when weights are estimated near the edge of the available data. As 
orthogonal forms of linear models are typically fitted with random effects models, 
correlations between coefficients are generally lower than with ordinary polynomials. 
While this is a desirable feature, there is no simple biological interpretation of the 
growth function parameters.  
At present only linear models can pragmatically be fitted with random effects models 
although several authors have expressed the opinion that the use of nonlinear model 
may have advantages (Lewis and Brotherstone, 2002).  
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3.6 Conclusion 
This study demonstrated that the individually fitted cubic polynomial function and the 
population based random effects model, which is based on polynomial functions, 
provide a better fit to lamb live weight data than the individually fitted nonlinear Brody 
function. The cubic polynomial had the lowest mean squared error, indicating the best 
overall curve fit. However, the cubic polynomial also had the highest frequency of large 
residual weights, while the frequency was lowest for the random effects model. The 
ability of each function to estimate lamb weight varied with time although in general, 
each function overestimated weight at weaning and underestimated weight at the post 
weaning time point of 150 days, the magnitude of the difference being largest with the 
Brody fit and similar with the cubic and random effects model fit. The random effects 
model was subject to less bias and able to utilise data for a greater number of animals 
due to its ability to accommodate data sets of differing sizes, which are common in an 
industry setting, and infer information from animals with similar genetic and 
environmental information. Therefore, the random effects model methodology offers a 
more powerful and flexible means of evaluating repeated live weight measures.  
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Chapter 4. Lamb birth and rearing type influence 
growth and weight potential of progeny from high 
growth sires  
 
4.1 Introduction 
The ability to estimate lamb weights and growth rates at key time points is essential to 
implementing appropriate management and feeding strategies. Therefore, factors which 
influence lamb weights and growth rates have the potential to impact the economic 
viability of a production system. Live weight has been shown previously to be 
influenced by multiple births, by dam age and by the sex of the lamb. Thus ewe lambs, 
lambs from 1 year old dams and multiple birth lambs tend to be lighter at birth 
(Afolayan et al., 2007). Ewe nutrition is also important determinant of lamb weight with 
lambs born to ewes with restricted nutrition being 34% lighter at birth (Schinckel and 
Short, 1961). As birth weight is phenotypically correlated to adult weight (Huisman and 
Brown, 2008) these lambs are likely to be lighter and grow slower throughout the early 
life growth period. 
Weights and growth rates in lambs can also be influenced by genetics. The Australian 
sheep industry uses sire Australian Sheep Breeding Values (ASBVs) to select for 
increased growth via an increased sire post weaning weight (PWWT) which has been 
shown to correlate with an increased mature size (Huisman and Brown, 2008). The 
magnitude of this response can be depressed by poor ewe nutrition (Hegarty et al., 
2006c). Therefore production factors which restrict lamb or ewe nutrition such as birth 
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type, rear type or dam breed may also depress the progeny response to increased sire 
PWWT. 
Lamb nutrition varies in-utero with the number of placentomes per foetus and the 
relative placental weight per foetus declining as litter size increases (Greenwood et al., 
2000b). As placental weight is the largest determinant of foetal weight close to birth 
(Greenwood et al., 2000b) placentally mediated foetal growth restriction due to multiple 
births is likely to result in lighter lamb birth weights and a reduced capacity to express 
the full PWWT potential. Furthermore, milk production has been shown to increase by 
just 27% at peak yield in ewes with twin lambs (Morgan et al., 2006) representing a 
nutritional restriction between birth and weaning for lambs raised as twins. Therefore 
both birth and rearing type are likely to influence the expression of sire PWWT.  
Milk production by the dam is highly correlated with lamb growth (Burris and Baugus, 
1955; Snowder and Glimp, 1991) and milk yield is reduced in Merino dams compared 
to Border Leicester-Merino cross dams (Kleemann et al., 1984) therefore we also expect 
increased responses per kg of sire PWWT in lambs from Border Leicester-Merino cross 
dams. 
In addition to increased growth, ASBVs are used to select for increased muscling via an 
increased post weaning eye muscle depth (PEMD) and leanness via a reduced post 
weaning fat depth (PFAT) at the c-site (5cm from the midline over the 12
th
 rib). Gardner 
et al. (2015) demonstrated an increase in pre slaughter live weight with a reduction in 
PFAT and no association with PEMD. Therefore selection for leanness via a reduced 
sire PFAT may result in heavier progeny while selection for increased muscling via an 
increased sire PEMD may have no impact on live weight.  
91 
 
As a component of the Information Nucleus Flock (van der Werf et al., 2010) run by the 
Australian Cooperative Research Centre for Sheep Industry Innovation numerous 
measurements, including live weight, were taken on the progeny of sires with divergent 
ASBV values enabling the effects of genotype and production factors to be determined. 
As the effect of sire PWWT varies with nutrition we hypothesised that the magnitude of 
the PWWT effect would vary between sites. We also hypothesised that lambs born and 
raised as multiples or born to Merino dams would have a reduced response to increased 
sire PWWT. Furthermore, lambs from low PFAT sires will be heavier while selection 
for increased muscling via an increased sire PEMD will not impact lamb weight.   
 
4.2 Materials and Methods 
4.2.1 Experimental Design 
The design of the Sheep CRC’s Information Nucleus Flock was presented in detail by 
Fogarty et al. (2007) and van der Werf et al. (2010). Each year for 5 years a total of 
approximately 3,500 lambs were produced at eight research sites across Australia, 
which represent a broad range of production systems (Kirby NSW, Trangie NSW, 
Cowra NSW, Rutherglen VIC, Hamilton VIC, Struan SA, Turretfield SA, and 
Katanning WA). The lambs were progeny of 435 sires selected to represent the key 
breeds used in Australia, and of different production traits. The sire types included 
Merino sires (Merino, Poll Merino), Maternal sires (Border Leicester, Booroola, 
Coopworth, Corriedale, Dohne Merino, East Friesian, Prime SAMM), and Terminal 
sires (Hampshire Down, Ile De France, Poll Dorset, Southdown, Suffolk, Texel, White 
Suffolk). Lambs were reared under extensive pasture grazing conditions and fed grain, 
hay or feedlot pellets when feed supply was limited (Ponnampalam et al., 2014a).  
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4.2.2 Lamb weights 
Lambs were weighed at birth, at weaning (90 days of age) and approximately every two 
weeks thereafter. 
4.2.3 Data available  
A total of 18,185 lambs with 142,572 weight recordings were available. Of these, a total 
of 17,525 lambs with 141,206 weight recordings had data available for the fixed 
production effects in the model, which included site, year of birth and sire type. Actual 
birth weight was available for 17,480 animals. Actual birth weight and estimated weight 
and estimated growth rate ranges are presented in Table 4-1.  
 
Table 4-1 Actual birth weight (kg) ranges and estimated weight (kg) and growth rate (g/day) ranges at 
100, 150 and 240 days. 
            
 
Mean Minimum Maximum Range SD 
Birth Weight (kg) 4.91 1.40 10.10 8.70 1.06 
Weight 100 days (kg) 28.70 3.38 60.76 57.38 8.17 
Weight 150 days (kg) 34.38 10.81 68.78 57.97 7.84 
Weight 240 days (kg) 43.42 21.24 74.94 53.70 8.90 
Growth Rate 100 days (g/day) 136.96 -184.43 547.70 732.13 80.52 
Growth Rate 150 days (g/day) 97.17 -170.23 393.49 563.72 67.23 
Growth Rate 240 days (g/day) 125.11 -559.42 897.38 1456.80 167.58 
SD: Standard deviation 
 
Of the 435 sires used, 84 Maternal, 167 Merino and 184 Terminal had ASBVs for birth 
weight (BWT), PWWT, PFAT and PEMD. The PFAT and PEMD breeding values were 
based on live ultrasound measurements while the BWT and PWWT breeding values 
were based on live weight. All ASBVs were sourced from Sheep Genetics, Australia’s 
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national genetic evaluation database for sheep (Brown et al., 2007). A correlation 
matrix is presented in  
Table 4-2. The ASBVs were estimated in April 2012 and were generated within 
individual databases for Terminal, Maternal and Merino sires. Progeny from the 
Information Nucleus Flock were excluded from the calculation of sire ASBVs. 
 
Table 4-2 Phenotypic correlations (standard errors) of post weaning sire breeding values for weight, fat 
depth and eye muscle depth among Maternal, Merino and Terminal sires.  
        
  PWWT PFAT PEMD 
  Maternal 
PWWT 1.00 -0.18 (0.09) -0.06 (0.62) 
PFAT -0.18 (0.09) 1.00 0.47 (0.00) 
PEMD -0.06 (0.62) 0.47 (0.00) 1.00 
  Merino 
PWWT 1.00 0.23 (0.00) 0.29 (0.00) 
PFAT 0.23 (0.00) 1.00 0.76 (0.00) 
PEMD 0.29 (0.00) 0.76 (0.00) 1.00 
  Terminal 
PWWT 1.00 -0.03 (0.69) -0.26 (0.00) 
PFAT -0.03 (0.69) 1.00 0.39 (0.00) 
PEMD -0.26 (0.00) 0.39 (0.00) 1.00 
 
4.2.4 Statistical analysis 
A mixed effects regression was used in the study due to its ability to accommodate the 
correlation of data due to repeated measures for the growth curve, and its ability to 
handle unbalanced data. This allowed the estimation of live weight gain, allowing 
weights and growth rates to be determined at the key ages in the growth cycle. Markov 
chain Monte Carlo (MCMC) stochastic simulation, developed for estimation and 
inference, was used within a generalised linear mixed model in the statistical package R 
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to fit a growth curve to the entire population and the growth curve of each individual 
lamb deviated from this population curve. The number of iterations was 100,000 with a 
burn in period of 5,000 and thinning was set at 100. The priors used were g priors.  
Initially base models were developed to describe live weight, which included fixed 
production effects for site (representing research station site; Kirby, Trangie, Cowra, 
Rutherglen, Hamilton, Struan, Turretfield, Katanning), year of birth (2007, 2008, 2009, 
2010, 2011), sex (male, female), birth type – rear type (11, 21, 22, 31, 32, 33), age of 
dam (2, 3, 4, 5, 6, 7 years), sire type (Merino, Maternal, Terminal) and dam breed 
within sire type (Merino x Merino, Merino x Maternal, Merino x Terminal, Border 
Leicester-Merino x Terminal). The production effects and their interactions with animal 
age was modelled using linear, quadratic and cubic terms for time, in days, since birth. 
Individual identification, sire identification and dam identification by year were 
included as random terms and were tested for linear, quadratic and cubic interactions 
with time. All relevant first order interactions between fixed effects were tested and 
removed if non-significant (P > 0.05).  
From this model weights and growth rates, the first derivative from the random effects 
model, were estimated for each animal at 100, 150 and 240 days with day 100 
representing weaning age, day 150 representing the post weaning time point and day 
240 representing near the average age at which the post weaning weight ASBV is 
calculated in the Sheep Genetics data base (Brown et al., 2007). All appropriate results 
for the individual, including curves for sire, dam, dam by year and animal, were 
combined to calculate the estimated individual growth curve and derivative.  
The estimated weights and growth rates were then analysed in SAS using a linear mixed 
effects model (SAS Version 9.1, SAS Institute, Cary, NC, USA) where fixed and 
random effects were tested using likelihood ratios. The model contained the same 
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production effects as described in the base random effects model above however the 
effect of the production factors did not vary with time, nor was time included as a 
random variable. The models contained relevant first order interactions between the 
production effects and these were removed in a stepwise manner, by a process of 
backward elimination, if non-significant (P > 0.05). The impact of production effects on 
lamb weight at 100, 150 and 240 days could be estimated from R however it was not 
possible to determine the impact on growth rate directly from R.  As the impact of 
production effects on weight as estimated from R and SAS were similar a decision was 
made to determine the impact of production effects on both weight and growth rate in 
SAS.  
To assess the impact of sire birth weight (BWT) ASBV on weight at birth BWT was 
included as a covariate in the base model. The model also contained relevant first order 
interactions between the fixed effects and covariates, including a quadratic effect of the 
covariate, and were removed if non-significant (P > 0.05). 
To assess the impact of sire weaning weight (WWT) ASBV on weight and growth rate 
at 100 days WWT was included as a covariate in the base model. The model also 
contained relevant first order interactions between the fixed effects and covariates, 
including a quadratic effect of the covariate, and were removed if non-significant (P > 
0.05).   
To assess the impact of sire PWWT, PEMD and PFAT on weight and growth rate at 
150 and 240 days these were included in the base model. The model also contained 
relevant first order interactions between the fixed effects and covariates, including a 
quadratic effect of the covariate, and were removed if non-significant (P > 0.05).   
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4.3 Results 
4.3.1 Actual birth weights  
The phenotypic linear mixed effects model is presented in Table 4-3. The model did not 
change when animals with birth weights greater than 3 standard deviations from the 
mean were excluded so these animals were retained.  
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Table 4-3 Numerator and denominator degrees of freedom and F-values for the base models for birth weight and estimated weights and growth rates at 100, 150 and 240 days. 
                              
  Birth Weight   Day 100   Day 150   Day 240 
          Wt Gr     Wt Gr     Wt Gr 
  NDF;DDF F-value   NDF;DDF F-value F-value   NDF;DDF F-value F-value   NDF;DDF F-value F-value 
Site 7;5085 473.89**   7;5099 778.80** 306.43**   7;5099 1836.24** 69.08**   7;5099 19950.40** 42.38** 
Year 4;12,000 4.64**   4;12,000 22.19** 5.56**   4;12,000 46.66** 6.49**   4;12,000 275.18** 20.92** 
Sex 1;5085 853.25**   1;5099 480.52** 32.55**   1;5099 954.89** 5.06*   1;5099 33221.30** 409.77** 
Birth type-rear type 2;5085 3326.84**   5;5099 724.59** 6.36**   5;5099 1009.60** 10.87**   5;5099 4108.29** - 
Dam age 6;5085 29.83**   6;5099 27.64** 48.07**   6;5099 25.46** 32.02**   6;5099 300.10** 17.62** 
Sire type 2;5085 268.01**   2;5099 1140.22** 32.16**   2;5099 2409.76** 56.59**   2;5099 4686.92** 49.80** 
Dam breed (sire type) 1;5085 344.23**   1;5099 719.81** 67.02**   1;5099 1363.61** -   1;5099 8350.83** - 
Site by Year 27;5085 42.53**   27;5099 167.95** 193.97**   27;5099 128.92** 53.17**   27;5099 80.71** 100.77** 
Site by Sire type - -   14;5099 27.16** 39.86**   14;5099 15.67** -   14;5099 11.70** 13.56** 
Year by  Sire type - -   8;5099 - 51.75**   - - -   - - 36.57** 
NDF, DDF; Numerator and denominator degrees of freedom; Wt; Weight; Gr; Growth rate; *P < 0.05, **P < 0.01 
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4.3.1.1 Production effects on actual birth weight 
The average actual birth weight was 4.91 kg and ranged from 1.40 to 10.10 kg. Birth 
weight was greatest at the Turretfield site and least at the Kirby site with average birth 
weights of 5.09 kg and 3.90 kg respectively (P < 0.01). Lambs born in 2011 were 
heaviest on average weighing 4.77 kg and lambs born in 2010 were the lightest 
weighing 4.65 kg (P < 0.01). Within a site birth weight varied between years by as 
much as 0.86 kg at Katanning and as little as 0.37 kg at Cowra (P < 0.01). 
Predicted means for the impact of the production effects on birth weight are presented in 
Table 4-4. Ram lambs were on average 0.32 kg heavier than ewe lambs (P < 0.01) 
(Table 4-5). Single born lambs were on average 1.02 kg heavier than twin lambs and 
1.74 kg heavier than triplets (P < 0.01). Lambs born to 2 year old dams were the lightest 
and were on average 0.50 kg lighter than lambs born to 8 year old dams which were the 
heaviest (P < 0.01). Lambs were 0.22 kg heavier on average for each year that dam age 
increased up until 4 years of age (P < 0.01) then there was no significant difference in 
lamb weight with each year that dam age increased. Terminal sired lambs were on 
average 0.43 kg heavier than Maternal sired lambs and 0.53 kg heavier than Merino 
sired lambs (P < 0.01). Within the Terminal sired lambs, those from Border Leicester-
Merino dams were on average 0.46 kg heavier than lambs from Merino dams (P < 
0.01). 
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Table 4-4 Predicted means for birth weight (kg) and estimated weight at 100, 150 and 240 days for different sexes, birth type-rear types, dam ages, sire types and dam breed within 
sire type combinations. 
                    
    Birth Weight Weight Day 100 Weight Day 150 Weight Day 240 
    (kg) (kg) (kg) (kg) 
  Level Mean s.e. Coefficient s.e. Coefficient s.e. Coefficient s.e. 
Sex F 4.54 0.02 26.54 0.13 32.38 0.11 40.58 0.07 
  M 4.86 0.02 28.10 0.13 34.14 0.11 43.76 0.07 
                    
Birth type-rear type 11 5.62 0.02 31.87 0.12 37.47 0.10 45.47 0.07 
  21 4.60 0.02 29.41 0.16 35.27 0.13 43.68 0.07 
  22 - - 26.75 0.12 32.61 0.10 41.76 0.07 
  31 3.88 0.03 28.33 0.37 34.33 0.30 42.83 0.12 
  32 - - 25.12 0.23 31.21 0.19 40.61 0.09 
  33 - - 22.45 0.26 28.66 0.22 38.70 0.10 
                    
Dam age 2 4.34 0.05 27.59 0.32 31.78 0.26 38.90 0.11 
  3 4.57 0.02 27.40 0.16 33.33 0.13 42.52 0.07 
  4 4.77 0.02 27.68 0.14 33.98 0.12 42.97 0.07 
  5 4.78 0.02 27.98 0.14 33.76 0.12 42.63 0.07 
  6 4.80 0.02 28.64 0.16 33.69 0.13 42.43 0.07 
  7 4.79 0.03 26.81 0.22 33.39 0.18 42.75 0.09 
  8 4.84 0.06 25.14 0.36 32.89 0.29 43.01 0.12 
                    
Dam breed-Sire type Maternal-Merino 4.59 0.03 27.01 0.22 33.43 0.18 42.52 0.14 
  Merino-Merino 4.49 0.02 22.87 0.16 27.95 0.13 34.57 0.10 
  Terminal-Merino 4.79 0.02 29.82 0.18 36.02 0.15 47.07 0.10 
  Terminal-BLM 5.25 0.02 34.34 0.17 40.76 0.14 51.79 0.09 
s.e.: Standard Error; BLM: Border Leicester-Merino 
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Table 4-5 Magnitude of effect (difference between the highest and lowest values) for production or for genetic effects on weight and growth rate. 
                
  Birth Weight Weight Weight Weight Growth Rate Growth Rate Growth Rate 
    Day 100 Day 150 Day 240 Day 100 Day 150 Day 240 
Site 1.19 10.26 13.20 17.90 79.85 88.63 74.52 
Year 0.12 2.72 2.79 1.95 12.16 14.28 88.72 
Sex 0.32 1.56 1.76 3.18 4.10 3.90 30.56 
Birth type-rear type 1.74 9.42 8.81 6.77 10.30 23.77 NS 
Dam age 0.50 3.50 2.20 4.11 44.30 98.12 66.47 
Sire type 0.53 9.21 10.44 14.86 25.10 30.81 82.41 
Dam breed-Sire type 0.46 4.52 4.74 4.72 11.00 NS NS 
BWT 0.95 - - - - - - 
WWT - 5.98 - - NS - - 
PWWT - - 6.62 8.24 - NS NS 
PFAT - - 1.41 NS - NS NS 
PEMD - - NS NS - NS NS 
NS: Not significant; -: Not modelled; Australian Sheep Breeding Values; BWT: Birth weight; WWT: Weaning weight; PWWT: Post weaning weight; PFAT: Post weaning fat depth; 
PEMD: Post weaning eye muscle depth 
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4.3.1.2 ASBV effects 
In the base model sire as a random term was significant (P < 0.01) with 95% confidence 
intervals of sire estimates presented in Table 4-6. 
 
Table 4-6 95% Confidence intervals of sire estimates for birth weight (kg) and estimated weights (kg) and 
growth rates (g/day) at 100, 150 and 240 days. 
        
  Maternal Merino Terminal 
Birth Weight (kg) 4.55 - 4.61 4.46 - 4.51 4.99 - 5.02 
Weight 100 days (kg) 26.69 - 27.31 22.72 - 23.10 31.89 - 32.18 
Weight 150 days (kg) 33.18 - 33.64 27.83 - 28.15 38.20 - 38.46 
Weight 240 days (kg) 42.34 - 42.74 34.40 - 34.74 49.28 - 49.60 
Growth Rate 100 days (g/day)  142.16 - 150.03 119.10 - 125.20 142.71 - 151.54 
Growth Rate 150 days (g/day)  111.73 - 118.28 82.00 - 85.99 109.57 - 113.56 
Growth Rate 240 days (g/day) 92.37 - 109.50 70.11 - 80.94 154.36 - 170.21 
 
BWT had an association with actual weight at birth increasing it by 0.53 kg for each kg 
of BWT (P < 0.05) (Table 4-7). Across the 1.8 kg range, increasing BWT was 
associated with an increase of 0.95 kg in weight at birth (Table 4-5). The association 
varied with year of birth and birth type. The variation between years was as much as 
0.75 kg  per kg of BWT in 2011 and as little as 0.43 kg in 2010 while the variation 
between birth types was as much as 0.70 kg per kg of BWT in single born lambs and as 
little as 0.37 kg in triplet born lambs. 
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Table 4-7 Regression coefficients for the relationship between sire ASBVs for growth and actual birth weight (kg) or estimated weight and growth rate at 100, 150 and 240 days. 
                                      
    Birth Weight   Weight Day 100 Growth Rate Day 100   Weight Day 150 Growth Rate Day 150   Weight Day 240 Growth Rate Day 240 
    (kg)   (kg) (g/d)   (kg) (g/d)   (kg) (g/d) 
  Level Coeff. s.e.   Coeff. s.e. Coeff. s.e.   Coeff. s.e. Coeff. s.e.   Coeff. s.e. Coeff. s.e. 
    BWT ASBV   WWT ASBV   PWWT ASBV   PWWT ASBV 
                                      
ASBV   0.59 0.09   0.19 0.12 NS -   0.17 0.05 NS -   0.45 0.03 3.99 1.83 
                                      
ASBV*Site Kirby - -   -0.35 0.08 - -   -0.13 0.04 - -   - - - - 
  Trangie - -   0.07 0.12 - -   0.10 0.06 - -   - - - - 
  Cowra - -   0.05 0.10 - -   0.09 0.05 - -   - - - - 
  Rutherglen - -   -0.16 0.09 - -   -0.03 0.04 - -   - - - - 
  Hamilton - -   -0.26 0.09 - -   -0.13 0.05 - -   - - - - 
  Struan - -   -0.22 0.10 - -   -0.09 0.05 - -   - - - - 
  Turretfield - -   -0.09 0.10 - -   -0.03 0.04 - -   - - - - 
  Katanning - -   0.00 .       0.00 .       - - - - 
                                      
ASBV*Year 2007 -0.27 0.07   - - - -   - - - -   -0.21 0.02 - - 
  2008 -0.22 0.07   - - - -   - - - -   -0.05 0.02 - - 
  2009 -0.30 0.08   - - - -   - - - -   -0.05 0.02 - - 
  2010 -0.33 0.07   - - - -   - - - -   -0.03 0.02 - - 
  2011 0.00 .   - - - -   - - - -   0.00 . - - 
                                      
ASBV*Birth type-rear type 11 0.33 0.09   0.46 0.08 - -   0.28 0.04 - -   - - -6.13 1.46 
  21 0.15 0.09   0.39 0.09 - -   0.21 0.04 - -   - - -4.35 1.55 
  22       0.23 0.08 - -   0.15 0.04 - -   - - -3.15 1.46 
  31 0.00 .   0.16 0.14 - -   0.11 0.07 - -   - - -4.67 2.19 
  32       0.12 0.11 - -   0.10 0.05 - -   - - -3.52 1.79 
  33       0.00 . - -   0.00 . - -   - - 0.00 . 
                                      
ASBV*Dam age 2 - -   - - - -   - - - -   -0.07 0.02 - - 
  3 - -   - - - -   - - - -   -0.02 0.02 - - 
  4 - -   - - - -   - - - -   -0.01 0.02 - - 
  5 - -   - - - -   - - - -   -0.01 0.02 - - 
  6 - -   - - - -   - - - -   -0.05 0.02 - - 
  7 - -   - - - -   - - - -   -0.03 0.02 - - 
  8 - -   - - - -   - - - -   0.00 . - - 
                                      
ASBV*Dam breed-Sire type Maternal-Merino - -   -0.01 0.13 - -   -0.06 0.05 - -   - - - - 
  Merino-Merino - -   0.26 0.09 - -   0.06 0.04 - -   - - - - 
  Terminal-Merino - -   0.00 . - -   0.00 . - -   - - - - 
  Terminal-BLM - -   0.00 . - -   0.00 . - -   - - - - 
s.e.: Standard Error; Coeff.: Coefficient; BLM: Border Leicester-Merino; NS: Non significant 
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4.3.2 Estimated live weights and growth rates at 100, 150 and 240 days 
The phenotypic linear mixed effects models are presented in Table 4-3 
4.3.2.1 Production effects 
The average weights at 100, 150 and 240 days were 28.70 ± 8.17, 34.38 ± 7.84 and 
43.42 kg ± 8.90 kg. Lambs at Trangie were the heaviest on average at 100, 150 and 240 
days weighing 31.87, 40.38 and 53.61 kg, while lambs at Kirby were lightest at 100 and 
150 days weighing 21.61 and 27.18 kg (P < 0.01) (Table 4-5). At 240 days the lambs 
from Hamilton were lightest on average at 35.71 kg while lambs at Kirby were second 
lightest at 35.87 kg. Lambs born in 2011 were heaviest on average at 100 and 150 days 
weighing 29.16 and 35.18 kg and at these ages lambs born in 2009 were the lightest 
weighing 26.44 and 32.39 kg (P < 0.01). At 240 days, lambs born in 2007 were heaviest 
on average weighing 43.08 kg and lambs born in 2008 were lightest weighing 41.13 kg. 
At 100 days the difference between years varied across sites by as much as 11.17 kg at 
Katanning and as little as 3.89 kg at Cowra. At 150 days the difference between years 
varied across sites by as much as 10.72 kg at Trangie and as little as 2.71 kg at Cowra. 
At 240 days the difference between years varied across sites by as much as 4.44 kg at 
Turretfield and as little as 3.33 kg at Rutherglen (P < 0.01).  
Predicted means for the impact of the production effects on weight are presented in 
Table 4-4 and predicted means for the impact of the production effects on growth rate 
are presented in Table 4-8. Wethers were 1.56 kg heavier than ewe lambs at 100 days, 
1.76 kg heaver at 150 days and 3.18 kg heaver at 240 days (P < 0.01). Wethers also 
grew faster by 4.10 g/day at 100 days, 3.90 g/day at 150 days and by 30.56 g/day at 240 
days (P < 0.01).  
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Table 4-8 Predicted means for estimated growth rate at 100, 150 and 240 days for different sexes, birth type-rear types, dam ages, sire types and dam breed within sire type 
combinations. 
                      
   
Growth Rate Day 100 
 
Growth Rate Day 150 
 
Growth Rate Day 240 
   
(g/day) 
 
(g/day) 
 
(g/day) 
 
Level 
 
Coefficient s.e. 
 
Coefficient s.e. 
 
Coefficient s.e. 
Sex F 
 
136.90 1.84 
 
101.50 2.67 
 
96.44 3.34 
 
M 
 
141.00 1.84 
 
105.40 2.67 
 
127.00 3.34 
           Birth type-rear type 11 
 
140.20 1.69 
 
90.53 2.26 
 
- - 
 
21 
 
143.70 2.06 
 
97.83 3.48 
 
- - 
 
22 
 
135.70 1.72 
 
104.00 2.17 
 
- - 
 
31 
 
143.10 4.00 
 
104.20 8.49 
 
- - 
 
32 
 
137.60 2.86 
 
110.01 4.84 
 
- - 
 
33 
 
133.40 3.29 
 
114.30 5.22 
 
- - 
           Dam age 2 
 
118.20 3.71 
 
58.48 6.39 
 
137.50 8.07 
 
3 
 
136.70 2.05 
 
100.90 3.12 
 
116.50 3.93 
 
4 
 
148.10 1.92 
 
109.50 2.84 
 
107.90 3.64 
 
5 
 
138.10 1.93 
 
99.68 2.83 
 
118.40 3.65 
 
6 
 
124.50 2.12 
 
78.51 3.35 
 
137.00 4.24 
 
7 
 
144.60 2.63 
 
120.80 4.59 
 
93.84 5.65 
 
8 
 
162.50 4.09 
 
156.60 8.04 
 
71.03 9.35 
           Dam breed-Sire type Maternal-Merino 
 
146.50 3.45 
 
114.90 3.68 
 
99.01 6.60 
 
Merino-Merino 
 
122.60 2.42 
 
84.09 3.01 
 
76.89 4.51 
 
Terminal-Merino 
 
142.20 2.50 
 
111.50 2.85 
 
159.30 4.28 
 
Terminal-BLM 
 
153.20 2.47 
 
111.50 2.85 
 
159.30 4.28 
s.e.: Standard Error; BLM: Border Leicester-Merino 
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Lambs born and raised as singles were the heaviest, being 2.46 kg heavier at 100 days, 
2.20 kg heavier at 150 days and 1.79 kg heavier at 240 days than the next heaviest 
lambs, twins raised as singles (P < 0.01) (Table 4-4). This was generally reflected in the 
growth rates at 100 days with lambs raised as singles growing faster than lambs raised 
as multiples (Table 4-8). At 150 days, lambs born and raised as triplets were growing 
between 10 and 24 g/day faster than lambs born as twin or singles. At 240 days growth 
rate did not vary between birth and rear types. 
At 100 and 150 days the progeny of 4-6 year old dams were heavier (P < 0.01) however 
by 240 days this pattern was no longer evident (Table 4-4). At 100 and 150 days the 
lambs of 8 year old dams were growing the fastest and by 240 days were also the 
heaviest (P < 0.01) (Table 4-8).  
The progeny of Terminal sires were 5.07, 4.96 and 6.91 kg heavier than the progeny of 
Maternal sires and 9.21, 10.44 and 14.86 kg heavier than the progeny of Merino sires at 
100, 150 and 240 days respectively (P < 0.01) (Table 4-4). The progeny of Terminal 
sires also grew 25.10, 27.41 and 82.41 g/day faster than the progeny of Merino sires at 
100, 150 and 240 days (P < 0.01) (Table 4-8).  
Within the Terminal sired lambs, those from Border Leicester-Merino dams were 4.52, 
4.74 and 4.72 kg heavier than those from Merino dams at 100, 150 and 240 days (P < 
0.01) (Table 4-4) and grew faster by 11.00 g/day at 100 days (Table 4-8). 
4.3.2.2 ASBV effects  
In the base models for weight and growth rate at 100, 150 and 240 days sire as a random 
term was significant (P < 0.01) with 95% confidence intervals of sire estimates 
presented in Table 4-6. 
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4.3.2.2.1 WWT and PWWT on weight at 100, 150 and 240 days 
WWT demonstrated an association with weight at 100 days (P < 0.01). Across the 16 kg 
range, increasing WWT was associated with an increase in weight of 5.98 kg (Table 
4-5). This effect varied between sites, birth type-rear type combinations and sire types 
(P < 0.01) (Table 4-7). There was no effect at the Kirby, Hamilton or Struan sites 
however within the Trangie, Cowra, Katanning, Turretfield and Rutherglen sites weight 
increased by 9.00, 8.75, 7.90, 6.47 and 5.34 kg across the 16 kg range in WWT. The 
was no effect in triplet born lambs however the weight of single born lambs increased 
by 9.63 kg across the 16kg range in WWT while the weight of 21 and 22 lambs 
increased by 8.53 and 6.09 kg respectively.  Progeny of Merino sires had the largest 
weight response of 0.55 kg per kg of WWT increase while progeny of Terminal sires 
increased by 0.29 and progeny of Maternal sires increased by 0.28. This equated to 
increases of 6.66, 2.91 and 2.31 kg across the 12.11, 10.04 and 8.26 kg WWT ranges for 
Merino, Terminal and Maternal sire types.  
PWWT demonstrated an association with weight at 150 days (P < 0.01) (Figure 4-1). 
Across the 23 kg range, increasing PWWT was associated with an increase in weight of 
6.62 kg. This effect varied between sites, birth type-rear type combinations and sire 
types (P < 0.05) (Table 4-7). There was no effect at the Kirby or Hamilton sites 
however within Trangie, Cowra, Katanning, Rutherglen, Turretfield, Rutherglen and 
Struan sites weight increased by 9.60, 9.28, 7.29, 6.54, 6.49 and 5.09 kg across the 23 
kg range in PWWT. There was no effect in triplet born lambs however the weight of 
single born lambs increased by 9.83 kg across the 23 kg range in PWWT while the 
weight of 21 and 22 lambs increased by 8.29 and 6.81 kg respectively. Progeny of 
Merino sires had the largest weight response of 0.35 kg per kg of PWWT while progeny 
of Terminal sires increased by 0.29 and progeny of Maternal sires increased by 0.22. 
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This equated to increases of 5.54, 4.98 and 3.11 kg across the 15.83, 17.16 and 14.14 kg 
PWWT ranges for Merino, Terminal and Maternal sire types (Figure 4-1). 
 
 
 
Figure 4-1 Comparison of sire estimates for post weaning weight (PWWT) Australian Sheep Breeding 
Values for Maternal, Merino and Terminal sires with predicted means for weight at 150 days. Lines 
represent predicted means for weight (± s.e.) for each sire type. Symbols (∆,+,o) represent individual sire 
estimates. 
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PWWT demonstrated an association with weight at 240 days (P < 0.01) (Table 4-7). 
Across the 23 kg range, increasing PWWT was associated with an increase in weight of 
8.24 kg. This effect varied between years and dam ages (P < 0.01) (Table 4-7). In 2011, 
2010, 2008, 2009 and 2010 weight increased by 9.81, 9.11, 8.66, 8.63 and 4.97 kg 
across the 23 kg range in PWWT. Lambs from dams aged 8, 5, 4, 3, 7, 6 and 2 increased 
in weight by 8.85, 8.64, 8.60, 8.46, 8.20, 7.74 and 7.17 kg across the 23kg range in 
PWWT.  
4.3.2.2.2 WWT and PWWT on growth rate at 100, 150 and 240 days 
There was no impact of WWT on growth rate at 100 days and no impact of PWWT on 
growth rate at 150 days (Table 4-7). PWWT demonstrated an association with growth 
rate at 240 days however this effect was only present in some birth type-rear type 
combinations (Table 4-7). The variation was as much as 3.99 g/day in triplet born and 
raised lambs and as little as -2.14 in single born lambs. This equated to an increased 
growth rate in triplet born and raised lambs of 92.89 g/day and a reduced growth rate in 
single born lambs of 49.82 g/day across the 23 kg range in PWWT. 
4.3.2.2.3 PEMD on weight and growth rate at 150 and 240 days 
PEMD had no effect on weight or growth rate at 150 days (Table 4-9). There was an 
effect of PEMD on weight at 240 days however this was only present at the Katanning 
site where weight reduced by 0.12 kg per kg of PEMD equating to a reduction of 0.96 
kg across the 8 kg PEMD range. There was no effect of PEMD on growth rate at 240 
days.  
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Table 4-9 Regression coefficients for the relationship between sire ASBVs for muscling and leanness and 
estimated weight and growth rate at 100, 150 and 240 days. 
                
      Weight Day 240   Weight Day 150 
      (kg)   (kg) 
  
 
  Coefficient s.e.   Coefficient s.e. 
      PEMD ASBV   PFAT ASBV 
                
ASBV     -0.12 0.05   -0.28 0.06 
                
ASBV*Site Kirby   -0.01 0.04   - - 
  Trangie   0.01 0.05   - - 
  Cowra   0.13 0.05   - - 
  Rutherglen   0.10 0.05   - - 
  Hamilton   0.06 0.05   - - 
  Struan   0.15 0.05   - - 
  Turretfield   0.05 0.05   - - 
  Katanning   0.00 .   - - 
ASBV: Australian Sheep Breeding Value; PEMD: Post weaning eye muscle depth; PFAT: Post weaning 
fat depth; s.e.: Standard Error 
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4.3.2.2.4 PFAT on weight and growth rate at 150 and 240 days 
PFAT demonstrated an association with weight at 150 days, increasing weight by 1.41 
kg across the decreasing 5 kg PFAT range (P < 0.01) (Figure 4-2). PFAT had no effect 
on weight at 240 days or growth rate at 150 or 240 days. 
 
 
 
Figure 4-2 Comparison of sire estimates for post weaning fat depth (PFAT) Australian Sheep Breeding 
Values for Maternal, Merino and Terminal sires with predicted means for weight at 150 days. Lines 
represent predicted means for weight (± s.e.) for each sire type. Symbols (∆,+,o) represent individual sire 
estimates. 
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4.4 Discussion 
4.4.1 Association between carcass breeding values and lamb weight 
and growth rate 
As expected, the progeny of sires with increased BWT were heavier at birth, WWT 
were heavier at 100 days and PWWT were heavier at 150 and 240 days. As lamb 
survival increases with increased birth weight in Merinos (Holst et al., 2002) increased 
sire BWT may increase lamb survival rates. However, the relationship is non-linear 
with increased lamb mortality beyond birth weights of 6.5kg, primarily due to dystocia 
(Brown et al., 2014; Fogarty et al., 1992; Fogarty et al., 2000; Oldham et al., 2011; 
Smith, 1977). Therefore at the highest extreme of BWT lamb mortality will be 
increased.  
As hypothesised, the magnitude of the responses to WWT and PWWT varied between 
sites. This is likely to be due, in part, to differences in nutrition at different sites which 
is known to impact on the magnitude of the PWWT effect (Hegarty et al., 2006c). The 
largest response to WWT and PWWT were seen at Trangie and Cowra, the two sites at 
which lambs were also the heaviest, consistent with improved nutrition. Alternatively, 
the smallest response to WWT and PWWT was seen at Kirby where lambs were also 
the lightest, consistent with inferior nutrition. These site differences were present 
despite the implementation of management strategies such as supplementary feeding 
when feed supply was limited or of poor quality (Ponnampalam et al., 2014a). 
Nonetheless, as the dams used at each site were of different genetic lines, we cannot 
discount the possibility that the varying WWT and PWWT effects have been impacted 
by dam genetics. Other factors that vary between sites, and may contribute to the 
variation in effect between sites, include weather and worm or other disease burden. At 
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240 days the response to increased sire PWWT did not differ between sites so it is 
possible that at this time point the extremes for the sites with the poorest nutrition were 
not enough to depress to response to the PWWT ASBV. There was also no variation 
between sites in response to the BWT ASBV. This may indicate a buffering of the 
lambs by maternal nutrition with dams mobilising more of their own energy reserves. 
Alternatively, the variation may have been present but obscured by the fact that the 
error represents a larger proportion of the difference between weights at birth than later 
in life. This is more likely to be the case as the difference in magnitude of response 
between sites in response the BWT ASBV were similar to that for WWT and PWWT 
being high at Trangie and Cowra and lowest at Kirby when the site by BWT interaction 
was retained despite being insignificant.   
Lamb birth type and rear type also moderated the response to increased BWT, WWT 
and PWWT with the magnitude of the weight response at birth, 100 and 150 days 
depressed with multiple births. This depressive effect due to in-utero restriction was 
partially alleviated when the nutritional restriction between birth and weaning was lifted 
through loss of a sibling for multiple birth lambs.  The effect on growth rate was also 
moderated at 240 days where the response to increased sire PWWT was positive in 
lambs born and raised as triplets and by contrast was negative in lambs born as singles. 
This would imply that increased PWWT accelerated early life growth such that mature 
size is reached sooner in single born lambs thus growth rate slows down by 240 days. 
As triplet born and raised lambs are proportionately less of their mature size by 240 
days the full PWWT effect is still present. 
Sire type moderated the response to increased WWT and PWWT with progeny of 
Merino sires having the greatest response at 100 and 150 days. As Merino sired progeny 
weighed less and had lower growth rates in general they are likely to be proportionately 
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less of their mature size at weaning and post weaning and therefore have an increased 
response to sire growth ASBVs. As sire breeding values represent twice the expected 
progeny difference, lamb weight is expected to increase by 0.5kg for each 1kg increase 
in sire growth ASBV. Increases in lamb weight with sire growth ASBVs were as 
expected for the progeny of Merino sires and reduced to 60% of the expected increase 
in progeny of Maternal and Terminal sires. Maternal sires had a reduced accuracy of 
sire ASBVs compared to Merino sires which may account for some of the variation in 
sire type performances.  
Although lambs from Border Leicester-Merino dams were larger and grew faster than 
lambs from Merino dams, there was no difference in weight response to WWT or 
PWWT in these lambs. This is despite evidence suggesting restricted nutrition to 
progeny of Merino dams due to their restricted milk output (Kleemann et al., 1984) and 
supporting evidence that pre weaning growth rates are reduced in progeny of Merino 
dams compared to progeny of Border Leicester-Merino dams (Atkins and Thompson, 
1979). As expected, a weight and growth rate differential was seen in response to dam 
breed as a production effect. It is not clear why there was no breeding value differential 
however the nutritional restriction due to dam breed may not be enough to reach a 
threshold beyond which there is an impact on the expression of breeding values. The 
magnitude of the production effects of site, birth type-rear type combination and sire 
type was between 1.5 and 3.5 times the magnitude of the effect of dam breed on weight 
at 100, 150 and 240 days (Table 4-5). The production effects which vary with WWT 
and PWWT follow a similar pattern. As dam breed only had a small impact on lamb 
weight the variation in the expression of the breeding value was too small to detect. 
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As hypothesised, selection for increased muscle via an increased sire PEMD did not 
impact on progeny weight. As the breeding values are calculated corrected to a constant 
live weight (Brown et al., 2007) their impact on the phenotypic expression of growth 
may be limited.   
As hypothesised, selection for leanness via a reduced PFAT increased lamb weight 
however this effect was only present at 150 days. The effect across the PFAT range was 
small, representing an increase of just 4% above the average lamb weight at 150 days. 
The phenotypic correlation between c-site ultrasound fat depth and weight was 
relatively small in the Huisman and Brown (2008) study which may reflect the lack of a 
consistent effect on weight in this study. 
4.4.2 Production effects 
The site at which lambs were reared impacted on weight throughout life. The 
differences between sites are likely to be partly explained by nutrition and dam genetics. 
Trangie had consistently high lamb weights and Kirby consistently low lamb weights, 
possibly indicating increased and reduced planes of nutrition respectively. However, the 
Information Nucleus Flock was not designed to control nutrition and thus conclusions 
regarding the nutritional impact on birth weight are difficult to assess. As dam genetics 
vary at each site they may also contribute to the variation in weights between sites. If 
dam genetics at each site were entirely responsible for differences in lamb weight there 
would be minimal differences in lamb weights at each site across different years 
however lamb weight at a single site varied between years by nearly 40% of the average 
lamb weight. Thus while dam genetics varies between sites and contributes to lamb 
weight differences they are not solely responsible for these differences.  
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The year in which lambs were born had no impact at birth and was relatively consistent 
between 100 and 240 days. The effect was small being as little as 10% of the magnitude 
of the site of rearing, which had the largest effect. While the effect was small it may be 
due to post weaning nutritional availability within a year which would explain why the 
impact is not present at birth. However, the sites at which lambs were raised were 
spread across different regions of Australia where pasture availability varied 
dramatically. Therefore it is likely that there are also non nutritional factors which 
contributed to the impact of lamb weight within a year. 
Male lambs were heavier and grew faster at all times measured and this has been 
demonstrated in previous studies (Afolayan et al., 2007; Thatcher et al., 1991; 
Thompson et al., 1985b). Despite male lambs being castrated in this study this effect is 
consistent with the impact of testosterone, a potent muscle growth stimulant (Lawrence 
and Fowler, 2002). The study by Thatcher et al. (1991) compared growth rates in rams, 
wethers and ewes and found that rams grew significantly faster than wethers which in 
turn grew significantly faster than ewes (P < 0.05). Thus while the wethers in this 
experiment grew faster than the ewes it can be surmised that growth rate would have 
been further increased if the male lambs were left entire.  
Single born lambs were 22% heavier than twin born lambs and 45% heavier than triplet 
born lambs at birth which is consistent with findings of Afolayan et al. (2007). The 
weight differences due to birth type were present throughout life, although they were 
proportionately less with age. Within a birth type, weight also varied with rearing type 
with twins raised as singles heavier than twins raised as twins. Triplets raised as singles 
were also heavier than triplets raised as twins which were heavier than triplets raised as 
triplets. These weight differences were also present throughout life and reducing 
throughout age although the weight differences were at most 19%. Thus while both 
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birth type and rearing type impact on weight, birth type has the greatest effect. The 
weight differences at birth were likely to be due to the effects of in-utero nutritional 
restriction. As birth type represents a prenatal restriction and rear type represents a 
postnatal to weaning restriction it can be concluded that prenatal restriction has a greater 
impact on lamb weight. At 100 days the triplet born and raised lambs had the slowest 
growth rate however by 150 days their growth rate was the fastest suggesting that 
multiple born lambs experience a period of compensatory growth once nutritional 
restriction is lifted at weaning. Compensatory growth in immature sheep whose 
nutrition has been restricted has been previously demonstrated by Thornton et al. 
(1979). In this experiment the 7 month old sheep (approximately 210 days old) had their 
nutrition restricted and lost an average of 85g/day over a two month period.  When feed 
was reintroduced ad libitum these sheep then gained 500 g/day in the first 3 days and 
300 g/day on average over 33 days to achieve similar live weights to the non-restricted 
sheep. These growth rates exceed the 114.30 g/day seen in the 150 day old triplet born 
and raised lambs in this experiment, however the lambs in this experiment were not 
severely nutritionally restricted post weaning as in the Thornton et al. (1979) 
experiment which demonstrates the difference between restriction in-utero versus just 
that imposed during the postnatal period. Interestingly the initial live weight of these 
Dorset Horn x Merino wethers at 7 months of age was 22.5 kg in the Thornton et al. 
(1979) experiment, more than 50% lighter than current weight estimations.  
Dam age influenced lamb birth weight with lambs born to 2 year old dams being the 
lightest. This may be due to the utilisation of energy by the 2 year old dam for its own 
growth and development at the expense of the lamb, causing in-utero nutritional 
restriction. Ali et al. (2006) demonstrated an increase in birth weight of 25 grams for 
each one year increase in dam age. As in our study this effect was present until dams 
reached 4 years of age however the magnitude was smaller than the 230 – 430 g 
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increase between years seen in our study. This may be a reflection of the variation of the 
dam age effect between dam breeds as only Rambouilet ewes were used by Ali et al. 
(2006) whereas Afolayan et al. (2007) used crossbred ewes and the increase in lamb 
weight at birth between dam years was as much as 630g. While there was no dam age 
by dam breed effect in this study Rambouilet ewes were not used and the dam breeds 
which were used may not have been divergent enough to drive an effect. Dam age also 
influenced weaning and post weaning lamb weights with lambs from 4-6 year old dams 
tending to be heavier at 100 and 150 days.  Increases in lamb weight at birth, weaning 
and post weaning (200 days) with increasing dam age were also found in the Afolayan 
et al. (2007), study, although only 1-4 year old dams were included so the effect beyond 
this age is unknown. At 240 days, when lambs were close to adult weight, this pattern 
was no longer evident. It is possible that the early influence on lamb weight is due to 
dam factors such as mothering ability, milk production and colostrum composition, the 
effects of which diminish post weaning, however these effects were not measured 
during this experiment.  
The progeny of Terminal sires were heavier between birth and 240 days while the 
progeny of Merino sires were lighter at and had the slowest growth rates which is 
consistent with the findings of Fogarty et al. (2000). Furthermore, progeny of elite 
Terminal sires grew in excess of 250 g /day at 100, 150 and 240 days. As many 
nutritional requirement tables used for ration formulation only accommodate lamb 
growth rates up to 250 g / day (ARC, 1980) the nutrient requirements in the progeny of 
contemporary elite growth sires need to be updated.  
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Within the progeny of Terminal sires, those from Border Leicester-Merino dams were 
heavier and had higher growth rates than those from Merino dams which is  a reflection 
of the increased mothering ability (Alexander et al., 1983)  and milk yield of Border 
Leicester-Merino dams (Kleemann et al., 1984). 
Lamb weight was influenced by both production and genotypic factors and the 
magnitude of the effects varied (Table 4-5). Site, birth type-rear type and sire type had 
the greatest impact on lamb weight. Birth type had the largest effect on weight at birth 
and this was 1.8 times the magnitude of the effect across 1.8 units of the BWT breeding 
value. The difference in weight between sites had the second largest effect and was 1.3 
times the magnitude of the BWT effect on birth weight. At 100, 150 and 240 days site 
had the largest effect on weight. At 100 days the differences between sites was 1.7 times 
the magnitude of the effect across 16 units of the WWT breeding value and between 1.1 
and 6.6 times the magnitude of the other production effects. At 150 and 240 days the 
differences between sites was twice the magnitude of the effect across 23 units of the 
PWWT breeding value and between 1.2 and 9.2 times the magnitude of the other 
production effects. 
Lamb growth rate was also influenced by both production and genotypic factors (Table 
4-5). At 100 and 150 days site had the largest effect on growth rate whereas at 240 days 
year of birth had the largest effect. At 100 days there was no effect of WWT on growth 
rate however the difference in growth rate between sites was between 1.8 and 19.5 times 
the magnitude of the other production effects. At 150 days there was no effect of 
PWWT on growth rate however the difference in growth rate between sites and dam 
ages was similar and between 2.8 and 25.2 times the magnitude of the other production 
factors. At 240 days there was no main effect of PWWT and the difference in growth 
rates between years and sire types was similar and between 1.1 and 2.9 times the 
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magnitude of other production effects. Therefore, while sire ASBVs do impact on 
weight and growth rate in their progeny the effect is smaller than the impact of the 
environment, year of birth or birth type. 
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4.5 Conclusion 
This study demonstrated that both genotypic and production factors had significant 
effects on lamb growth. Selection for growth by selection of sires with an increased 
BWT, WWT and PWWT resulted in lambs that were heavier at birth, weaning and post 
weaning. The magnitude of these responses was moderated by nutrition hence varied 
between sites and with birth type-rear type combinations. Lambs born as multiples, with 
nutritional restriction from conception to weaning, had a reduced response to sire 
PWWT. Selection for leanness and muscling by selection of sires with a reduced PFAT 
and increased PEMD resulted had little impact on weight with increasing PEMD having 
no effect at all. Reducing PFAT increased lamb weight, however this effect was only 
present at the post weaning time point and was relatively small. As expected, single 
born lambs, male lambs and lambs born to Terminal sires were heavier and grew faster. 
Weight and growth rate were heavily influenced by environmental effects at each site 
and the effects were stable with minimal re-ranking of sites based on lamb weight over 
time. In conclusion, while selection for growth impacts on lamb growth, these effects 
and those of production factors such as sex and sire type are generally small compared 
to the impact of the environment.  
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Chapter 5. Selection for lean meat yield in lambs 
reduces indicators of oxidative metabolism in the 
longissimus muscle  
 
This chapter has been published in Meat Science: 
 
Kelman, K.R., Pannier, L., Pethick, D.W. and Gardner, G.E. (2014) Selection for lean 
meat yield in lambs reduces indicators of oxidative metabolism in the longissimus 
muscle. Meat Science. 96 (2, Part B): 1058-1067.  
 
5.1 Introduction 
Lamb is marketed in Australia as a nutritious red meat and a ‘good source’ of iron and 
zinc (Pannier et al., 2014b). The qualities of redness and mineral content of meat are 
highly linked to muscle fibre type and thus oxidative capacity of muscles, with reduced 
oxidative capacity being associated with reduced levels of iron and zinc (Pannier et al., 
2014b) and a less red appearance. For this reason oxidative capacity is an important 
determinant of consumer appeal impacting both the colour and nutritional content of the 
product.  
Muscle oxidative capacity is intrinsically linked to fibre type (Brandstetter et al., 1998a; 
Staron and Johnson, 1993) with type I muscle fibres having greater expression of 
oxidative enzymes in cattle, guinea pigs and rabbits (Brandstetter et al., 1998a; Peter et 
al., 1972) and higher levels of myoglobin in sheep (Pethick et al., 2005c), in contrast to 
type II muscle fibres which express higher levels of glycolytic enzymes (Brandstetter et 
al., 1998a). Therefore the activity of oxidative enzymes such as isocitrate 
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dehydrogenase (ICDH; EC 1.1.1.42) and myoglobin concentration can be used as 
indicators of oxidative metabolism, an approach previously taken to study the muscle of 
lamb (Gardner et al., 2006b).  
Production factors such as lamb nutrition and age have been shown to influence 
oxidative metabolism. A study by Gardner et al. (2006b) demonstrated  the impact of 
plane of nutrition in lambs, with nutritional restriction reducing muscle ICDH activity 
and myoglobin concentration. In comparison the genotypic effects on these traits were 
smaller, having only half (for ICDH activity) or a quarter (for myoglobin concentration) 
the impact of the nutritional effects (Gardner et al., 2006b).  
Animal age is also a strong driver of muscle oxidative capacity with older more mature 
lambs having decreased proportions of type IIX glycolytic muscle fibres and increased 
proportions of type I and type IIA fibres (Greenwood et al., 2007; Suzuki and Cassens, 
1983; White et al., 1978) leading to an increased ICDH activity (Brandstetter et al., 
1998a) and myoglobin concentration (Gardner et al., 2007; Pethick et al., 2005c).  
Fibre type and thus oxidative capacity can also be influenced by genetics. The 
Australian sheep industry uses Australian Sheep Breeding Values (ASBVs) to select for 
increased growth, muscularity and leanness, which are all likely to impact on oxidative 
capacity. Selection for increased growth via an increased post weaning weight (PWWT) 
has been shown to correlate with an increased mature size (Huisman and Brown, 2008). 
Thus at the same weight lambs from high PWWT sires will be less mature resulting in 
reduced oxidative capacity. Increased muscularity in double muscled cattle and 
increased muscling in lamb, achieved by selection for an increased post weaning eye 
muscle depth (PEMD), have been shown to result in a greater proportion of type IIX 
glycolytic fibres (Greenwood et al., 2006c; Wegner et al., 2000). Likewise, selection for 
leanness via a reduced post weaning c-site fat depth (PFAT) has been shown to increase 
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eye muscle depth and increase the proportion of type IIX fibres (Greenwood et al., 
2006c), reducing ICDH activity and myoglobin concentration (Gardner et al., 2006b). 
Thus current selection for increased PWWT and PEMD and reduced PFAT are all likely 
to reduce the oxidative capacity of muscle.  
As a component of the Information Nucleus Flock (van der Werf et al., 2010) run by the 
Australian Cooperative Research Centre for Sheep Industry Innovation numerous 
measurements, including muscle ICDH activity and myoglobin concentration, were 
taken on the progeny of sires with divergent ASBVs enabling the effects of genotype 
and production factors to be determined. We hypothesised that increasing sire PWWT 
and PEMD ASBVs and reducing sire PFAT ASBVs would all reduce the oxidative 
capacity of muscle in their progeny. As production factors varied between sites, we also 
hypothesised that this would cause differences in muscle oxidative capacity and that the 
magnitude of these effects would be larger than the magnitude of the genotypic effects.  
 
5.2 Materials and Methods 
5.2.1 Experimental Design 
The design of the Sheep CRC's Information Nucleus Flock was presented in detail by 
(Fogarty et al., 2007). Each year a total of approximately 2,000 lambs were produced at 
eight research sites across Australia, which represent a broad range of production 
systems (Kirby NSW, Trangie NSW, Cowra NSW, Rutherglen VIC, Hamilton VIC, 
Struan SA, Turretfield SA, and Katanning WA). The lambs were progeny of 267 key 
industry sires, including Merino sires (Merino, Poll Merino), Maternal sires (Border 
Leicester, Bond, Booroola, Coopworth, Corriedale, Dohne Merino, East Friesian, Prime 
SAMM, White Dorper), and Terminal sires (Hampshire Down, Ile De France, Poll 
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Dorset, Southdown, Suffolk, Texel, White Suffolk). Lambs were reared under extensive 
pasture grazing conditions and fed grain, hay or feedlot pellets when feed supply was 
limited (Ponnampalam et al., 2014a) to enable them to reach an average carcass weight 
of approximately 21.5 kg. The time taken to reach this weight varied between 134 and 
504 days. Lambs were yarded for 6 h on the day before slaughter then transported to 
one of five commercial abattoirs where they were held in lairage overnight. After 
slaughter, all carcasses were subjected to medium voltage electrical stimulation (Pearce 
et al., 2010) and dressed according to AUS-MEAT specifications (Anonymous, 2005). 
Carcasses were chilled overnight (3-4 °C) before a wide range of carcass and meat traits 
were sampled.  
5.2.2 Collection of phenotypic measurements 
Hot carcass weight (HCWT) was measured at slaughter, and within 5 h post-mortem a 1 
g sample of m. longissimus lumborum (short loin muscle) was excised from the carcass 
(over the 12th rib) for every animal. Subcutaneous fat was removed and the samples 
were snap-frozen in liquid nitrogen and stored at−80 °C until subsequent ICDH 
determination. The ICDH activity was determined by the method of Briand (1981), 
which was adapted to run on an Olympus AU400 auto analyser. At 24 h post-mortem 
the entire short loin muscle was removed and weighed (short loin muscle weight), and 
additional samples for myoglobin, intramuscular fat and protein determination were 
collected. Subcutaneous short loin fat was also dissected and weighed (short loin fat). 
For myoglobin, a 1 g sample of short loin muscle was excised and stored at −20 °C until 
myoglobin concentration determination by the method of Trout (1991). For lambs born 
in 2007 only, extractable protein was measured for the ICDH and myoglobin samples 
by the method of (Bradford, 1976). For intramuscular fat, a 40 g sample of loin muscle 
was excised and stored at −20 °C until subsequent freeze drying using a Cuddon FD 
1015 freeze dryer (Cuddon Freeze Dry, NZ). The intramuscular fat content was 
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determined using a near infrared (NIR) procedure in a Technicon Infralyser 450 (19 
wavelengths) using the method described by Perry et al. (2001). 
5.2.3 Data available  
For the ICDH analysis muscle samples for a total of 3,178 lambs, which were the 
progeny of 178 sires across 2 years were available, while for the myoglobin analysis 
muscle samples for a total of 5,580 lambs, which were the progeny of 267 sires across 3 
years were available. 
5.2.4 Statistical analysis 
ICDH activity and myoglobin concentration were analysed using linear mixed effects 
models (SAS Version 9.1, SAS Institute, Cary, NC, USA). Initially, base models for 
ICDH activity and myoglobin concentration were developed, which included fixed 
production effects for site (representing research station site; Kirby, Trangie, Cowra, 
Rutherglen, Hamilton, Struan, Turretfield, Katanning), year of birth (2007 and 2008 for 
ICDH and 2007, 2008 and 2009 for myoglobin), sex (male, female), birth type–rear 
type (11, 21, 22, 31, 32, 33), age of dam (2, 3, 4, 5, 6, 7 years), sire type (Merino, 
Maternal, Terminal), dam breed within sire type (Merino ×Merino, Merino × Maternal, 
Merino × Terminal, Border Leicester– Merino × Terminal) and kill group within site by 
year. Sire identification and dam identification by year were included as random terms. 
All relevant first order interactions between fixed effects were tested and removed in a 
stepwise manner, by a process of backward elimination, if non-significant (P > 0.05).  
To assess the relationship of ICDH activity and myoglobin concentration with aspects 
of carcass phenotype traits, HCWT, short loin fat weight, short loin muscle weight and 
intramuscular fat were included as covariates in the above base models. Initially HCWT 
was included, and then either short loin muscle or fat weight was also included. All 
models contained all relevant first order interactions between the fixed effects and 
 9
 
 
 
9
7
 
    
 
126 
 
covariates, including a quadratic effect of the covariate, and were removed in a stepwise 
manner if non-significant (P > 0.05). 
To assess the impact of sire PWWT, PFAT and PEMD ASBVs on ICDH activity and 
myoglobin concentration, the three ASBVs were analysed concurrently as covariates in 
the base model. Additionally the carcass traits of HCWT, short loin fat weight, short 
loin muscle weight and intramuscular fat were analysed one at a time within this ASBV 
model. Each ASBV was also analysed as an individual covariate within the base model. 
All models contained relevant first order interactions between the fixed effects and 
covariates, including a quadratic effect of the covariate, and were removed in a stepwise 
manner if non-significant (P > 0.05).  
To assess the impact of age at slaughter on ICDH activity and myoglobin concentration, 
age at slaughter was included as a covariate in the base model. The model contained all 
relevant first order interactions between the fixed effects and the age at slaughter 
covariate, including a quadratic effect of age, and these were removed in a stepwise 
manner if non-significant (P > 0.05). The kill group within site by year term was not 
included as a fixed effect in this model as within each site by year the age at slaughter 
was confounded by kill group. This is because the variation in age within each kill 
group was less than 10 days. Removing the kill group term as a fixed effect allowed the 
effect of age at slaughter to be estimated. As kill group accounts for factors the age at 
slaughter term does not two versions of the model were used to estimate the impact of 
age, the first with kill group as a random term and the second without kill group as a 
random term, for comparison.  
For lambs born in 2007 only, protein was determined and tested as a covariate within 
this subset of the data. For both ICDH activity and myoglobin concentration, protein 
had a large effect, increasing ICDH activity by 1.92 μmol/min/g tissue across the 35 g 
protein range (Figure 5-1) and myoglobin concentration by 3.98 mg/g tissue across the 
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60 g protein range. However, in both cases the magnitude of the other genotype and 
environmental effects described within these models did not change whether the models 
were corrected for protein or not. As the protein correction did not alter the magnitude 
of the effects, a pragmatic decision was made to reduce assay workload by 
discontinuing protein determination. Therefore protein was not measured in subsequent 
years, and the analyses presented are expressed on a per gramme of tissue basis, with no 
protein correction. 
 
 
Figure 5-1 Linear relationship between muscle sample protein concentration (mg/g tissue) and isocitrate 
dehydrogenase activity (± s.e.) in μmol/min/g tissue per gramme of protein. Each icon (o) represents an 
individual lamb.  
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5.3 Results 
5.3.1 Isocitrate Dehydrogenase 
5.3.1.1 Production effects 
The phenotypic linear mixed effects model utilised ICDH activity for 3,178 animals and 
described 68% of the total variance. The model is presented in Table 5-1.  
 
Table 5-1 Numerator degrees of freedom, denominator degrees of freedom and F-values for the base 
models for isocitrate dehydrogenase activity (μmol/min/g tissue) and myoglobin concentration (mg/g 
tissue). 
 
          
 
Isocitrate dehydrogenase   Myoglobin concentration 
  (μmol/min/g tissue)   (mg/g tissue) 
  NDF, DDF F-value   NDF, DDF F-value 
Site 7, 532 43.32**   7, 972 228.59** 
Year of birth 1, 2409 1593.09**   2, 4242 16.76** 
Sex 1, 532 8.75**   1, 972 34.81** 
Sire type 2, 532 3.17*   2, 972 7.10** 
Dam breed (sire type) 1, 532 10.60**   NA NA 
Kill group (site by year) 38, 532 18.57**   64, 972 40.21** 
Site by year 6, 532 4.22**   13, 972 58.95** 
NDF, DDF: Numerator and denominator degrees of freedom; * P < 0.05; ** P < 0.01; NA: Not 
applicable (non-significant term) 
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The number of progeny analysed in the base model is presented in Table 5-2. 
Table 5-2 Number of progeny at each site for year of birth, sex, sire type and dam breed within sire type from the base ICDH activity model.  
 
                              
 
  Year of birth   Sex   Sire type   Dam breed within sire type 
    2007 2008   Female Male   Maternal Merino Terminal   MATM MM TM TBLM 
Kirby   168 298   121 345   105 143 212   102 142 124 85 
Trangie   * 218   68 150   43 43 133   43 43 69 63 
Cowra   290 157   143 304   65 65 317   64 64 213 101 
Rutherglen   298 203   179 322   54 71 376   54 71 0 376 
Hamilton   203 194   143 250   61 63 270   61 63 266 0 
Struan   89 131   77 143   42 51 128   41 51 38 88 
Turretfield   66 184   47 203   64 84 102   64 84 102 0 
Katanning   392 409   239 560   184 161 446   184 161 442 0 
*No animals were produced; MATM: Maternal x Merino; MM: Merino x Merino; TM: Terminal x Merino; TBLM: Terminal x Border Leicester-Merino
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The raw mean and ranges for ICDH activity and phenotypic covariates are presented in 
Table 5-3.  
 
Table 5-3 Raw mean ± standard deviation, and minimum to maximum value, for isocitrate dehydrogenase 
activity and the phenotypic covariates tested within the base model. 
              
  Isocitrate  Hot carcass Intramuscular  Short loin  Short loin  Slaughter  
  Dehydrogenase weight fat muscle weight fat weight age 
   (µmol/min/g tissue) (kg) (%) (g) (g) (days) 
Site             
Kirby 4.75 ± 1.62 26.2 ± 5.3 4.8 ± 1.0 404.8 ± 84.7 289.2 ± 166.3 365.4 ± 49.4 
  (1.02 - 9.01) (16.0 - 40.0) (2.8 - 9.1) (140 - 670) (30 - 865) (270 - 420) 
Trangie 3.78 ± 1.10 24.6 ± 3.0 4.4 ± 0.9 373.3 ± 62.9 147.8 ± 53.0 226.7 ± 53.3 
  (1.67 - 7.05) (18.5 - 34.7) (2.9 - 7.8) (245 - 583) (40 - 330) (193 - 333) 
Cowra 6.07 ± 1.42 23.4 ± 3.2 4.0 ± 0.8 360.1 ± 63.1 159.2 ± 63.1 193.4 ± 57.2 
  (2.67 - 10.29) (16.3 - 35.3) (2.3 - 7.1) (215 - 565) (28 - 385) (138 - 325) 
Rutherglen 4.72 ± 1.47 21.9 ± 2.5 3.9 ± 1.0 326.4 ± 53.5 175.6 ± 56.5 266.6 ± 54.6 
  (1.43 - 8.71) (14.4 - 31.8) (1.9 - 7.2) (157 - 558) (47 - 429) (215 - 392) 
Hamilton 5.48 ± 1.63 21.1 ± 2.6 4.3 ± 1.0 341.3 ± 55.1 167.4 ± 53.0 313.2 ± 62.3 
  (2.42 - 11.29) (14.2 - 32.2) (2.1 - 7.7) (189 - 525) (11 - 354) (270 - 456) 
Struan 4.73 ± 1.58 20.9 ± 3.2 4.3 ± 0.9 317.4 ± 71.7 206.2 ± 84.5 280.6 ± 63.7 
  (2.16 - 10.46) (12.8 - 29.0) (2.2 - 8.0) (165 - 549) (59 - 531) (219 - 426) 
Turretfield 5.03 ± 1.53 20.5 ± 2.8 4.2 ± 1.2 332.6 ± 59.2 252.6 ± 78.2 262.7 ± 73.2 
  (2.90 - 11.27) (14.6 - 29.8) (2.6 - 10.5) (211 - 496) (0 - 555) (188 - 361) 
Katanning 5.58 ± 1.72 21.5 ± 3.3 4.7 ± 1.1 343.8 ± 66.6 194.9 ± 87.3 280.4 ± 96.8 
  (2.25 -11.40) (13.6 - 31.3) (1.5 - 9.6) (173 - 598) (15 - 560) (178 - 499) 
Year of birth             
2007 6.44 ± 1.35 21.8 ± 2.8 4.2 ± 1.0 339.6 ± 57.7 182.4 ± 73.2 262.9 ± 71.3 
  (2.81 - 11.40) (12.8 – 32.2) (1.5 - 9.1) (140 - 580) (0 - 531) (157 - 456) 
2008 4.10 ± 1.06 23.2 ± 4.4 4.5 ± 1.0 359.8 ± 77.5 211.2 ± 115.9 290.0 ± 93.5 
  (1.02 - 9.54) (13.6 – 40.0) (1.8 - 10.5) (173 - 670) (15 - 865) (138 - 499) 
Sex             
Female 5.00 ± 1.67 22.7 ± 3.7 4.3 ± 0.9 357.2 ± 65.7 213.4 ± 99.6 250.2 ± 61.0 
  (1.02 - 11.33) (12.8 – 39.6) (1.9 - 8.4) (165 - 625) (53 - 865) (138 - 420) 
Male 5.24 ± 1.66 22.5 ± 3.9 4.4 ± 1.1 348.4 ± 72.2 192.3 ± 100.7 289.9 ± 91.4 
  (1.36 - 11.40) (13.6 – 40.0) (1.5 - 10.5) (140 - 670) (0 - 740) (138 - 499) 
Sire type             
Maternal 5.15 ± 1.63 21.6 ± 3.5 4.4 ± 1.0 319.8 ± 59.1 206.1 ± 96.1 250.5 ± 64.2 
  (1.70 - 10.72) (14.3 - 36.6) (2.2 - 9.6) (186 - 565) (63 - 585) (138 - 420) 
Merino 5.62 ± 1.64 21.3 ± 3.8 4.6 ± 1.3 330.4 ± 65.8 164.6 ± 110.7 394.4 ± 57.0 
  (2.42 - 11.29) (12.8 - 33.8) (1.8 - 10.5) (140 - 580) (0 - 610) (178 - 499) 
Terminal 5.02 ± 1.67 23.3 ± 3.8 4.2 ± 0.9 367.5 ± 69.8 207.8 ± 94.4 245.7 ± 60.4 
  (1.02 - 11.40) (14.8 – 40.0) (1.5 - 8.8) (193 - 670) (53 - 865) (138 - 420) 
Dam breed within sire type           
MATM 5.15 ± 1.63 21.7 ± 3.5 4.4 ± 1.0 319.9 ± 59.0 206.3 ± 96.3 250.2 ± 63.9 
  (1.70 - 10.72) (14.3 - 36.6) (2.2 - 9.6) (186 - 565) (63 - 585) (138 - 420) 
MM 5.61 ± 1.64 21.3 ± 3.8 4.6 ± 1.3 330.6 ± 65.8 164.9 ± 110.6 393.9 ± 58.2 
  (2.42 - 11.29) (12.8 - 33.8) (1.8 - 10.5) (140 - 580) (0 - 610) (178 - 499) 
TM 5.21 ± 1.64 22.6 ± 3.6 4.3 ± 0.9 367.1 ± 66.9 204.9 ± 94.1 244.5 ± 61.5 
  (1.90 - 11.40) (14.8 - 38.8) (1.5 - 8.8) (195 - 598) (53 - 695) (138 - 420) 
TBLM 4.65 ± 1.66 24.4 ± 3.9 4.1 ± 0.9 368.6 ± 74.5 213.7 ± 95.1 247.6 ± 58.4 
  (1.02 - 9.41) (16.0 – 40.0) (1.9 - 7.0) (193 - 670) (61 - 865) (138 - 420) 
MATM: Maternal x Merino; MM: Merino x Merino; TM: Terminal x Merino; TBLM: Terminal x Border 
Leicester - Merino 
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The average activity level of ICDH was 5.17 ± 0.06 μmol/min/g tissue and ranged from 
1.02 to 11.40 μmol/min/g tissue. Wethers (5.27 ± 0.03) had on average 0.13 μmol/min/g 
tissue higher ICDH activity than ewe lambs (5.14 ± 0.05) (P < 0.01). Maternal (5.27 ± 
0.08) and Merino (5.27 ± 0.12) sired lambs had 0.19 μmol/min/g tissue higher ICDH 
activity than Terminal (5.08 ± 0.06) sired lambs (P < 0.05). Within the Terminal sired 
lambs, those from Merino dams (5.19 ± 0.07) had 0.23 μmol/min/g tissue higher ICDH 
activity than lambs from Border Leicester–Merino dams (4.96 ± 0.08) (P < 0.01). 
ICDH activity was greatest at the Cowra site and least at the Trangie site with activities 
of 5.76 and 3.99 μmol/min/g tissue (P < 0.01). It was also greater in lambs born in 2007 
compared to lambs born in 2008 with activities of 6.45 and 4.12 μmol/min/g tissue (P < 
0.01). However the difference between years varied across sites by as much as 2.69 
μmol/min/g tissue at Hamilton to as little as 2.11 μmol/min/g tissue at Kirby (P < 0.01) 
(Figure 5-2).  
 
 
Figure 5-2 The effect of site by year of birth on isocitrate dehydrogenase activity (μmol/min/g tissue) (± 
s.e.)  from the base model.  
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Within each site and year there were marked differences between kill groups which 
varied in ICDH activity by as little as 0.29 μmol/min/g tissue in Hamilton in 2008 to as 
much a 2.36 μmol/min/g tissue in Katanning in 2007 (P < 0.01). ICDH activity 
generally increased with older kill groups although this trend was not always consistent 
across all sites. Age at slaughter was associated with an increase in ICDH activity of 
0.26 μmol/min/g tissue across the 370 day age range (Figure 5-3). When kill group 
within site by year was included as a random term the magnitude of the effect increased 
to 1.23 μmol/min/g tissue. 
 
 
Figure 5-3 Linear relationship between isocitrate dehydrogenase activity (μmol/min/g tissue) (± s.e.) and 
slaughter age in days. Symbols represent predicted means for kill groups. Lines represent predicted means 
for age at slaughter (± s.e.) from base model with no kill group term.  
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When phenotypic (i.e. short loin muscle weight, short loin fat weight, intramuscular fat, 
HCWT) or genotypic (PWWT, PFAT, PEMD) covariates were included in this model, 
the production effects remained unchanged. The only exception to this was for sire type 
which rarely impacted on ICDH activity in the presence of phenotypic or genotypic 
covariates. 
5.3.1.2 Association between ICDH activity and carcass phenotypic indicators  
HCWT varied between 15 and 35 kg and demonstrated an association with ICDH 
activity, but this was only present at the Turretfield and Kirby sites (P < 0.05). At the 
Turretfield site ICDH activity increased by 1 μmol/min/g tissue across the 20 kg HCWT 
range while at the Kirby site it decreased by 0.7 μmol/min/g tissue. Short loin muscle 
weight varied between 200 and 550 g and demonstrated an association with ICDH 
activity, but only at some sites. At the Turretfield site, ICDH activity increased by 0.88 
μmol/min/g tissue across the 350 g short loin muscle weight range while at the Cowra 
and Katanning sites it decreased by 0.52 and 0.59 μmol/min/g tissue (P < 0.05). This 
association did not change when HCWT was included in the model. Short loin fat 
demonstrated no association with ICDH activity. Intramuscular fat demonstrated a 
curvilinear association with ICDH activity (P < 0.01), which increased by 0.72 
μmol/min/g tissue between 2 and 6 intramuscular fat percent (Figure 5-4). The 
relationship appeared to plateau beyond 6 intramuscular fat percent. The magnitude of 
this effect was not changed by the inclusion of the phenotypic covariates short loin fat, 
short loin muscle weight or HCWT. 
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Figure 5-4 Curvilinear relationship between intramuscular fat percentage and isocitrate dehydrogenase 
activity (± s.e.) in μmol/min/g tissue. Symbols (o) represent individual lamb residuals from the 
intramuscular fat model.  
 
5.3.1.3 Effect of sire and sire breeding values  
In the base model sire as a random term was significant with individual sire estimates 
for ICDH activity varying between 5.04 and 5.54 μmol/min/g tissue for Merino, 4.89 
and 5.60 for Maternal and 4.59 and 5.78 for Terminal sires (P < 0.01) (Figure 5-5).  
When PWWT, PFAT and PEMD were included simultaneously as covariates in the 
base model each had an association with ICDH activity (P < 0.01). Across the 21 kg 
range, increasing PWWT was associated with an increase in ICDH activity of 0.43 
μmol/min/g tissue. This effect was no longer significant when the model was corrected 
for short loin muscle weight, HCWT or intramuscular fat. 
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Figure 5-5 Relationship between sire estimates for isocitrate dehydrogenase activity (μmol/min/g tissue) 
and subcutaneous post weaning c-site fat depth (PFAT) for Maternal, Merino and Terminal sires. Lines 
represent predicted means for isocitrate dehydrogenase activity (± s.e.) for all sire types combined. 
Symbols represent individual sire estimates.  
 
Across the 5 mm range, reducing PFAT was associated with a reduction in ICDH 
activity of 0.46 μmol/min/g tissue (Fig. 5). This effect was no longer significant when 
the model was corrected for short loin muscle weight. 
Across the 7 mm range, increasing PEMD was associated with a reduction in ICDH 
activity of 0.50 μmol/min/g tissue. This effect was no longer significant when the model 
was corrected for short loin muscle weight. 
The magnitudes of the PWWT and PEMD responses were similar when analysed as 
single covariates in the base model, however the PFAT effect was no longer significant.
4.5
4.7
4.9
5.1
5.3
5.5
5.7
5.9
-2.5 -1.5 -0.5 0.5 1.5 2.5
IC
D
H
 A
ct
iv
it
y
 (
µ
m
o
l/
m
in
/g
 t
is
su
e)
Post-weaning fat depth (mm)
Maternal Merino Terminal
 1
3
6
 
 
 
9
7
 
    
 
 
 
The mean and ranges for PWWT, PFAT and PEMD are presented in Table 5-4.  
 
Table 5-4 Number of sires and Australian Sheep Breeding Values mean (min, max) for each sire type from the isocitrate dehydrogenase (ICDH) activity and myoglobin 
concentration data.  
    Sire type   No. of sires   PFAT (mm)   PEMD (mm)   PWWT (kg) 
ICDH Activity   Maternal   37   -0.05 (-1.06, 2.56)   0.05 (-1.28, 1.82)   4.79 (-3.66, 10.49) 
    Merino   70   -0.25 (-1.89, 1.42)   -0.18 (-2.02, 2.27)   1.45 (-5.00, 7.29) 
    Terminal   71   -0.82 (-2.41, 2.27)   1.12 (-1.33, 4.92)   11.92 (1.13, 16.05) 
Myoglobin Concentration   Maternal   61   -0.07 (-1.61, 2.56)   0.06 (-1.44, 1.82)   5.19 (-3.66, 10.49) 
    Merino   101   -0.22 (-1.89, 1.50)   -0.10 (-2.02, 2.32)   1.81 (-5.00, 8.39) 
    Terminal   105   -0.85 (-2.44, 2.27)   1.07 (-1.33, 4.92)   12.06 (1.13, 18.08) 
ICDH: Isocitrate dehydrogenase; PFAT: Post weaning c-site fat depth, PEMD: Post weaning eye muscle depth, PWWT: Post weaning weight
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5.3.2 Myoglobin Concentration 
5.3.2.1 Production effects 
The phenotypic linear mixed effects model utilised myoglobin concentration for 5,580 
animals and described 62% of the variance.  The model is presented in Table 5-1. The 
number of progeny analysed in the base model is presented in Table 5-5. 
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Table 5-5 Number of progeny at each site for year of birth, sex and sire type from the base myoglobin concentration model.  
                        
  
Year of Birth 
 
Sex 
 
Sire type 
    2007 2008 2009   Female Male   Maternal Merino Terminal 
Kirby 
 
247 399 393 
 
324 708 
 
197 203 628 
Trangie 
 
* 216 199 
 
145 270 
 
76 77 262 
Cowra 
 
291 154 199 
 
208 436 
 
105 90 449 
Rutherglen 
 
298 213 172 
 
325 358 
 
88 103 492 
Hamilton 
 
198 194 175 
 
196 368 
 
90 80 395 
Struan 
 
296 123 177 
 
207 389 
 
108 67 420 
Turretfield 
 
269 185 214 
 
207 461 
 
136 119 411 
Katanning   399 409 359   364 801   269 199 684 
*No animals were produced 
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The raw mean and ranges for myoglobin concentration and phenotypic covariates are 
presented in Table 5-6. 
 
Table 5-6 Raw mean ± standard deviation and minimum to maximum values for myoglobin concentration 
and the phenotypic covariates tested within the base model. 
              
  Myoglobin  Hot carcass Intramuscular Short loin  Short loin  Slaughter 
  Concentration weight fat muscle weight fat weight age 
   (mg/g tissue) (kg) (%) (g) (g) (days) 
Site             
Kirby 8.18 ± 2.03 25.6 ± 5.1 4.7 ± 1.0 388.9 ± 78.6 270.6 ± 160.4 327.3 ± 56.5 
  (3.09 - 13.65) (15.4 - 40.0) (2.4 - 9.1) (140 - 670) (30 - 880) (235 - 420) 
Trangie 6.18 ± 1.65 23.3 ± 3.3 3.8 ± 1.0 359.4 ± 62.6 122.6 ± 55.3 208.0 ± 65.3 
  (2.99 - 12.66) (16.2 - 34.7) (1.6 - 7.8) (228 - 583) (30 - 330) (154 - 342) 
Cowra 6.13 ± 1.48 23.4 ± 3.4 3.9 ± 0.8 362.3 ± 65.2 147.7 ± 63.8 195.2 ± 54.8 
  (3.17 - 13.80) (14.0 - 35.3) (1.7 - 7.1) (160 - 585) (20 - 385) (138 - 325) 
Rutherglen 6.69 ± 1.43 22.3 ± 2.9 3.8 ± 0.9 335.0 ± 58.6 190.2 ± 70.3 270.0 ± 50.9 
  (3.12 - 13.09) (14.2 - 31.8) (1.9 - 7.2) (157 - 558) (46 - 590) (215 - 392) 
Hamilton 6.25 ± 1.69 21.8 ± 3.1 4.2 ± 0.9 341.5 ± 59.1 176.3 ± 73.0 295.6 ± 57.5 
  (2.15 - 11.33) (13.4 - 32.2) (2.1 - 7.7) (160 - 525) (10 - 412) (229 - 456) 
Struan 5.81 ± 1.50 22.0 ± 3.3 4.1 ± 1.0 336.7 ± 71.8 195.6 ± 112.7 260.4 ± 49.7 
  (2.48 - 10.75) (12.8 - 31.4) (1.6 - 8.2) (155 - 590) (21 - 543) (210 - 426) 
Turretfield 5.83 ± 1.58 21.6 ± 2.7 4.1 ± 1.0 335.6 ± 58.3 193.9 ± 107.4 259.9 ± 51.2 
  (2.24 - 11.57) (14.6 - 29.8) (1.9 - 10.5) (190 - 558) (0 - 555) (188 - 361) 
Katanning 6.81 ± 1.66 22.3 ± 3.6 4.6 ± 1.1 364.3 ± 72.4 212.6 ± 88.1 274.6 ± 84.4 
  (2.95 -15.62) (13.6 - 35.8) (1.5 - 9.8) (173 - 661) (15 - 560) (178 - 499) 
Year of birth 
     2007 6.50 ± 1.97 22.4 ± 3.1 4.3 ± 1.0 349.0 ± 62.3 203.2 ± 87.3 257.7 ± 63.3 
  (2.15 - 15.62) (12.8 – 35.8) (1.5 - 9.1) (140 - 661) (0 - 543) (157 - 456) 
2008 6.76 ± 1.85 23.0 ± 4.4 4.5 ± 1.0 359.1 ± 76.5 205.7 ± 115.4 288.9 ± 91.0 
  (2.48 - 13.66) (13.6 – 40.0) (1.8 - 10.5) (173 - 670) (15 - 865) (138 - 499) 
2009 6.70 ± 1.70 23.4 ± 4.0 4.0 ± 1.1 360.7 ± 71.3 187.6 ± 126.0 260.3 ± 58.6 
  (2.99 - 13.80) (13.4 – 40.0) (1.6 - 9.8) (155 - 620) (10 - 880) (154 - 359) 
Sex 
      Female 6.45 ± 1.61 23.1 ± 3.7 4.2 ± 1.0 361.6 ± 64.5 212.5 ± 113.1 250.5 ± 57.2 
  (2.47 - 12.88) (12.8 – 40.0) (1.9 - 9.8) (165 - 625) (31 - 880) (138 - 420) 
Male 6.74 ± 1.95 22.8 ± 3.9 4.3 ± 1.1 353.3 ± 72.8 192.2 ± 109.1 277.6 ± 78.9 
  (2.15 - 15.62) (13.4 – 40.0) (1.5 - 10.5) (140 - 670) (0 - 740) (138 - 499) 
Sire type 
      Maternal 6.55 ± 1.76 21.9 ± 3.5 4.4 ± 1.1 324.1 ± 60.5 194.9 ± 105.9 252.7 ± 60.4 
  (2.24 - 14.41) (14.0 - 36.6) (1.6 - 9.7) (155 - 565) (20 - 585) (138 - 420) 
Merino 8.22 ± 2.08 21.1 ± 3.6 4.5 ± 1.2 324.6 ± 66.0 157.1 ± 107.2 373.2 ± 59.7 
  (2.83 - 15.62) (12.8 - 33.8) (1.8 - 10.5) (140 - 580) (0 - 610) (178 - 499) 
Terminal 6.27 ± 1.58 23.7 ± 3.8 4.1 ± 1.0 373.0 ± 68.1 210.2 ± 110.0 246.8 ± 55.3 
  (2.15 - 12.88) (14.8 – 40.0) (1.5 - 9.8) (193 - 670) (28 - 880) (138 - 420) 
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The average myoglobin concentration was 6.65 ± 0.02 mg/g tissue and ranged from 
2.15 to 15.62. Ewe lambs (6.89 ± 0.04) had on average 0.23 mg/g tissue higher 
myoglobin concentration than wethers (6.66 ± 0.03) (P < 0.01). Maternal (6.87 ± 0.06) 
and Merino (6.84 ± 0.09) sired lambs had higher myoglobin concentrations than 
Terminal (6.61 ± 0.04) sired lambs (P < 0.01). 
Myoglobin concentration was greatest at the Kirby site and least at the Struan site with 
8.19 and 6.07 mg/g tissue (P < 0.01). It was also greater in lambs born in 2008 or 2009 
than lambs born in 2007 with values of 6.93, 6.79 and 6.58 mg/g tissue (P < 0.01). 
However these year differences varied across sites by as much as 2.09 mg/g tissue at 
Hamilton to as little as 0.18 at Trangie (P < 0.01) (Figure 5-6). 
 
Figure 5-6 The effect of site by year of birth on myoglobin concentration (mg/g tissue) (± s.e.) from the 
base model. 
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Within each site and year there were marked differences between kill groups which 
varied by as little as 0.40 mg/g tissue in Struan in 2008 to as much as 4.77 in Kirby in 
2008 (P < 0.01). Myoglobin concentration generally increased with later kill groups and 
this result aligned well with the age at slaughter effect which was associated with an 
increase in myoglobin concentration of 5.01 mg/g tissue across the 370 day age range 
(Figure 5-7). When kill group within site by year was included as a random term the 
magnitude of the effect increased to 5.73 mg/g tissue.  
 
Figure 5-7 Linear relationship between myoglobin concentration (mg/g tissue) and slaughter age in days. 
Symbols represent predicted means for kill groups. Lines represent predicted means for age at slaughter 
(± s.e.) from base model with no kill group term. 
 
When phenotypic (i.e. short loin muscle weight, short loin fat weight, intramuscular fat, 
HCWT) or genotypic (PWWT, PFAT, PEMD) covariates were included in this model, 
the production effects remained unchanged. 
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5.3.2.2 Association between myoglobin concentration and carcass phenotypic 
indicators  
HCWT demonstrated an association with myoglobin concentration increasing by 1.56 
mg/g tissue across the 20 kg HCWT range (P < 0.01). This effect varied between sites 
and sire types (P < 0.01). At the Kirby, Cowra, Turretfield, Hamilton, Katanning, 
Rutherglen, Struan and Trangie sites myoglobin concentration increased by 0.66, 1.23, 
1.28, 1.46, 1.72, 1.87, 2.08 and 2.22 mg/g tissue across the 20 kg range in HCWT. 
Progeny with Merino sires had the largest increase in myoglobin concentration across 
the HCWT range of 1.90 mg/g tissue, while progeny with Maternal and Terminal sires 
increased by 1.82 mg/g tissue and 0.97 mg/g tissue across the HCWT range.  
Short loin muscle weight did not demonstrate an association with myoglobin 
concentration. 
Short loin fat weight varied between 50 and 400 g and demonstrated an association with 
myoglobin concentration, increasing by 0.83 mg/g tissue across the 350 g short loin fat 
weight range (P < 0.01). This effect varied between sire types with progeny of Merino 
sires increasing by 1.29 mg/g, progeny of Terminal sires increasing by 0.64 mg/g tissue 
and progeny of Maternal sires increasing by 0.57 mg/g tissue across the short loin fat 
weight range. 
Intramuscular fat demonstrated a curvilinear association with myoglobin concentration 
(P < 0.01). Between 2 and 6 intramuscular fat percent myoglobin concentration 
increased by 0.61 mg/g tissue (Figure 5-8). The relationship appeared to plateau beyond 
6% intramuscular fat. The association varied between sire types with increases of 0.35, 
0.66 and 0.84 mg/g tissue in the progeny of Terminal, Maternal and Merino sires 
respectively (P < 0.05). 
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Figure 5-8 Curvilinear relationship between intramuscular fat percentage and myoglobin concentration (± 
s.e.) in mg/g tissue. Symbols (o) represent individual lamb residuals from the intramuscular fat model. 
 
When ICDH activity was included as a covariate in the base model it was a significant 
predictor of myoglobin concentration, which increased by 0.64 mg/g tissue across the 
10.05 μmol/min/g tissue ICDH activity range (P < 0.01). 
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5.3.2.3 Effect of sire and sire breeding values  
In the base model sire as a random term was significant with individual sire estimates 
for myoglobin concentration varying between 6.44 and 7.24 mg/g tissue for Maternal, 
6.26 and 7.56 for Merino and 6.03 and 7.49 for Terminal sires (P < 0.01) (Figure 5-9). 
When PWWT, PFAT and PEMD were included simultaneously as covariates in the 
base model each had an association with myoglobin concentration (P < 0.05).  Across 
the 23 kg range, increasing PWWT was associated with an increase in myoglobin 
concentration of 0.50 mg/g tissue. This effect varied between sites being greatest at the 
Hamilton and Struan sites where myoglobin concentration increased by 0.89 and 1.00 
mg/g tissue across the PWWT range (P < 0.05).  These effects were no longer 
significant when the model was corrected for short loin muscle weight, short loin fat 
weight or intramuscular fat.  
Across the 6 mm range, reducing PFAT was associated with a reduction in myoglobin 
concentration of 0.67 mg/g tissue and this effect varied between sexes with a reduction 
of 0.26 mg/g tissue in wethers and a reduction of 1.07 mg/g tissue in ewe lambs. There 
was no impact to the magnitude of the PFAT effect when short loin muscle weight and 
short loin fat weight were included separately as covariates. The magnitude of the 
PFAT effect reduced to 0.58 mg/g tissue when intramuscular fat was included as a 
covariate. 
There was also an association between PEMD and myoglobin concentration however 
this was only present within the Merino and Terminal sire types (P < 0.01).  Across the 
6 mm range, increasing PEMD was associated with a reduction in myoglobin 
concentration of 0.49 mg/g tissue in the progeny of Terminal sires and an increase of 
1.36 in the progeny of Merino sires (Figure 5-9). When short loin muscle weight, short 
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loin fat weight and intramuscular fat were included separately as covariates in the 
ASBV model there was a reduction of the PEMD effect in progeny of Merino sires to 
1.22 mg/g tissue and increase to 0.57 mg/g tissue in the progeny of Terminal sires. 
When these ASBVs were analysed as single covariates in the base model the magnitude 
of the PWWT response increased to 0.74 mg/g tissue and the PFAT response reduced to 
0.57 mg/g tissue. The magnitude of the PEMD response remained unchanged. 
The mean and ranges for PWWT, PFAT and PEMD are presented in Table 5-4. 
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Figure 5-9 Relationship between sire estimates for myoglobin concentration (mg/g tissue) and post weaning eye muscle depth (PEMD) for Maternal, Merino and Terminal sires. 
Lines represent predicted means for myoglobin concentration (± s.e.) for each sire type. Symbols (o) represent individual sire estimates.  
 1 
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5.4 Discussion 
5.4.1 Association between carcass breeding values and oxidative 
capacity  
Aligning with our hypothesis, the progeny of sires with an increased PEMD had a 
reduced oxidative capacity, as indicated by reduced ICDH activity across all sire types 
and reduced myoglobin concentration within Terminal sired lambs. This aligns well 
with previous studies, with Gardner et al. (2006a) demonstrating reduced myoglobin 
concentration in response to PEMD with in Poll Dorset x Merino lambs, and Gardner et 
al. (2007) demonstrating reduced ICDH activity within Poll Dorset x Merino and 
Border Leicester x Merino lambs. A further study by Gardner et al. (2006b) also 
showed a reduced myoglobin concentration within the progeny of all sire types with 
increased PEMD but failed to show this effect on ICDH activity. This is likely to be due 
to the limited number of sires used, 9 compared to 267 in this study, where the PEMD 
range of 5 mm compared to 7 mm in this study may not have been divergent enough to 
elicit a response. 
The association between PEMD and reduced oxidative capacity may be due to a shift in 
muscle fibre type with increased PEMD leading to a greater proportion of type IIX 
fibres (Greenwood et al., 2006c) which have been associated with increased glycolytic 
(Gardner et al., 2006b) and reduced oxidative enzyme activities (Brandstetter et al., 
1998a). 
The use of the PEMD breeding value within the Australian sheep industry has been 
shown to increase loin muscle weight (Gardner et al., 2010). As there is an association 
between increased phenotypic muscle weight and reduced muscle oxidative capacity it 
could be concluded that the PEMD effect on muscle oxidative capacity is merely a 
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correlate of its impact on short loin muscle weight. However, in this study there was no 
phenotypic association between short loin muscle weight and myoglobin concentration, 
and a variable association with ICDH activity. 
Furthermore, correcting the models for short loin muscle weight had no impact on the 
association between PEMD and myoglobin concentration. This inconsistent overall 
phenotypic association between short loin muscle weight and muscle oxidative capacity 
is unusual and appears to suggest that PEMD is affecting myoglobin concentration 
through a mechanism other than the phenotype that it directly delivers. 
As hypothesised, progeny of sires with a reduced PFAT had a reduced oxidative 
capacity, as indicated by reduced ICDH activity and myoglobin concentration. Previous 
studies have demonstrated similar results with Gardner et al. (2006b) and (Gardner et 
al., 2007) both demonstrating reduced ICDH activity in lambs with low PFAT sires, and 
Greenwood et al. (2006c) showing higher levels of glycolytic type IIX fibres. Although 
the Gardner et al. (2006b) study showed a reduction in ICDH activity there was no 
impact on myoglobin concentration. The study was performed on wether lambs which 
in our study had a smaller response to a reduction in PFAT than ewe lambs. As the 
Gardner et al. (2006b) study included only 56 wethers this may not have been enough to 
show an effect. 
Intramuscular fat is reduced in the progeny of sires with a reduced PFAT in the animals 
in this study (Pannier et al., 2014c) however inclusion of intramuscular fat in the ASBV 
model did not diminish the impact of PFAT on ICDH activity or myoglobin 
concentration, indicating that the impact of PFAT is not delivered through its correlated 
impact on intramuscular fat. 
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Contrary to our initial hypothesis, isocitrate dehydrogenase activity and myoglobin 
concentration were both increased in the progeny of sires with an increased PWWT. 
Our hypothesis was based on the assumption that the progeny of high PWWT sires 
would be less mature and therefore have a lower oxidative capacity at a given slaughter 
age due to their larger mature size (Huisman and Brown, 2008). However, this effect 
has clearly been over-ridden by other factors. The samples for ICDH activity and 
myoglobin concentration were taken from the short loin, and the inclusion of short loin 
muscle weight as a phenotypic covariate nullified the impact of the PWWT ASBV on 
both ICDH activity and myoglobin concentration. Evidence from computed tomography 
scanning of a subset of these same animals suggests an altered tissue distribution within 
high PWWT lambs. In particular, the weight of muscle within the saddle region of the 
carcass was 7% higher at any given carcass weight (Gardner et al., 2012). As such the 
increased growth potential of these tissues would have required greater energy 
producing capacity, of which the TCA cycle is a vital component. As such it is possible 
that the impact of PWWT on muscle oxidative capacity is limited to the saddle region. 
 
5.4.2 Associations with carcass phenotypic measurements 
Heavier carcasses were associated with increased myoglobin concentration, although 
there was no effect of HCWT on ICDH activity except at the Turretfield and Kirby 
sites. In this study HCWT at a constant slaughter age (i.e. kill group corrected for age as 
per Figure 5-3 and Figure 5-7) reflects growth rate, which is most likely delivered 
through variation in environment and nutrition. As such the faster growing lambs are 
likely to be closer to their mature size, aligning well with the myoglobin results which 
have previously been shown to increase as lambs approach maturity (Gardner et al., 
2007). Yet this increase in myoglobin concentration may have occurred without a 
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corresponding increase in muscle oxidative capacity, as there was no increase in ICDH 
activity. Alternatively the higher growth rate may have been due to a larger mature size, 
in which case faster growing animals slaughtered at the same age would be less mature 
(Butterfield, 1988), but this seems unlikely as it would have resulted in proportionately 
less oxidative muscle tissue (Brandstetter et al., 1998a), the opposite of what was found 
here. 
The relationship between muscle oxidative capacity and phenotypic carcass muscularity 
(short loin muscle weight) and adiposity (short loin fat weight) was also assessed. 
Computed tomography was used to determine whole carcass muscle and fat weights on 
a subset of the animals used in this study, and these measurements demonstrated that 
short loin muscle weight was strongly correlated with whole carcass muscle weight 
(0.84), and short loin fat weight was strongly correlated with whole carcass fat weight 
(0.83) (Anderson, unpublished data). As such these measurements are good indicators 
of whole carcass muscularity and adiposity. As mentioned, the muscularity indicator, 
short loin muscle weight, demonstrated no association with myoglobin and an 
inconsistent relationship with ICDH. Alternatively the carcass adiposity indicator, short 
loin fat weight, demonstrated a consistently positive association with myoglobin, 
although no association with ICDH. Thus phenotypic carcass composition demonstrates 
some alignment with the oxidative capacity of muscle, albeit an inconsistent 
association. The phenotypic correlation between ICDH activity and myoglobin 
concentration in this experiment was 0.14 (Mortimer et al., 2014) which may explain 
some of the variation in response of the oxidative indicators. 
In contrast, a far more consistent association was evident for the relationship between 
muscle oxidative capacity and intramuscular fat. ICDH activity and myoglobin 
concentration both increased with higher levels of intramuscular fat. Similar effects 
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have been demonstrated in cattle, where the genotypes which expressed higher levels of 
intramuscular fat also had a more oxidative muscle type, characterised by increased 
ICDH activity (Hocquette et al., 2003; Jurie et al., 2007; Pethick et al., 2005c). 
Likewise, this has also been demonstrated in pigs (Essén-Gustavsson et al., 1994) and 
rabbits (Gondret et al., 1998) in which slow twitch oxidative muscles had higher levels 
of intramuscular fat. More recently, Pannier et al. (2014b) demonstrated a positive 
association between intramuscular fat and iron and zinc levels. 
The association between intramuscular fat and oxidative capacity appears to be 
independent of maturity, or whole carcass adiposity and muscularity. This was 
demonstrated by also correcting the ICDH activity and myoglobin models for HCWT, 
short loin muscle weight and short loin fat weight. In all cases the intramuscular fat 
association with ICDH activity or myoglobin concentration remained unchanged. As 
such the association between intramuscular fat and muscle oxidative capacity appears to 
be more than just a correlate of whole carcass fatness or muscularity. It seems unlikely 
that intramuscular fat would directly mediate the oxidative capacity of adjacent muscle 
cells, however this result may highlight the presence of some localised control that 
ensures that more oxidative muscle cells have greater amounts of stored oxidative fuel 
(fat) in the near vicinity (i.e. intramuscular adipocytes). 
5.4.3 Production effects  
As hypothesised, the site at which lambs were reared impacted on oxidative capacity 
and the magnitude of the effect of site was larger than most other genotypic and 
production effects. Between sites, the average age at slaughter varied which may 
explain part of the differences between sites. This was particularly evident in the 
myoglobin analysis where the Kirby site had the oldest average age at slaughter as well 
as the highest myoglobin concentration, and of the four sites with the oldest average 
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age, three sites also had higher than average myoglobin concentrations. In line with 
these findings, a previous study showed a significant increase in Chromameter a* values 
indicating an increase in the relative redness of meat as lambs age (Hopkins et al., 
2007). In the ICDH analysis the site differences appeared to be less age dependant, 
however this was not entirely unexpected as ICDH activity demonstrated a weaker 
association with age than myoglobin concentration (Figure 5-3 and Figure 5-7). In 
addition the effect of age at slaughter on ICDH activity was small compared to the 
magnitude of the production or breeding value effects while the effect on myoglobin 
concentration was large compared to all other effects indicating that age was a critical 
factor in determining myoglobin concentration but not ICDH activity. When kill group 
was included as a random term the effect of age on ICDH activity was larger. As age 
and kill group are strongly confounded within the Information Nucleus Flock the true 
magnitude of the impact of age is likely to lie somewhere between the two results.  
The differences between sites are also likely to be partly explained by nutrition. 
Nutritional variation has been shown to impact on muscle fibre type (Greenwood et al., 
2006b; Moody et al., 1980) and subsequently may alter oxidative capacity. Oxidative 
capacity was highest at the Kirby and Cowra sites after correcting for age and weight 
(maturity), perhaps indicating an increased plane of nutrition at these sites. However, 
the Information Nucleus Flock was not designed to control nutrition and thus 
conclusions regarding the nutritional impact on oxidative capacity are difficult to assess. 
There was a difference in oxidative capacity between wether and ewe lambs although 
ICDH activity was greater in wethers and myoglobin concentration was greater in ewe 
lambs. Gardner et al. (2007) demonstrated an increased ICDH activity in wether lambs 
when compared to ewe lambs. Consistent with these results, Greenwood et al. (2007) 
sampled the same lambs as used in the Gardner et al. (2007) study and demonstrated 
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that wether lambs had reduced proportions of type IIX myofibres. While higher 
myoglobin levels in ewe lambs were unexpected, a previous study by Ledward and 
Shorthose (1971) found a similar result, with ewe lambs having a 10% higher 
myoglobin concentration than wethers. The reason for myoglobin concentration to be 
increased in ewe lambs is unclear, thus gender demonstrates some alignment with the 
oxidative capacity of muscle however the association is inconsistent. 
The progeny of Terminal sires had reduced oxidative capacity compared Maternal or 
Merino sired lambs. This is due to the selection pressure on muscling in these sires 
(Hall et al., 2002) which has also been shown in this study to reduce oxidative capacity. 
Muscle oxidative capacity was influenced by both production and genotypic factors, 
with site having the largest effect overall. The difference between sites was about three 
and a half times the magnitude of the effect of PWWT, PFAT or PEMD, and about 10 
times the magnitude of the other production effects on ICDH activity and myoglobin 
concentration. The only exception to this was for year of birth which had a larger effect 
than site on ICDH activity. Therefore, while sire ASBVs do impact on oxidative 
capacity in their progeny, the effect is small compared to the impact of the environment. 
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5.5 Conclusion 
This study demonstrated that both genotypic and production factors had significant 
effects on oxidative capacity. Selection for leanness and muscling by selection of sires 
with a reduced PFAT and increased PEMD resulted in a reduction in oxidative capacity 
in muscle of the progeny. This effect was also seen in the progeny of Terminal sires, 
which have received greater selection pressure for lean growth and muscling. Selection 
for lambs with a larger mature size using sires with an increased PWWT resulted in 
increased oxidative capacity however this may be an effect which is localised to the loin 
region. An increase in intramuscular fat is linked to an increase in oxidative capacity 
that is independent of its association with PFAT or whole body adiposity or 
muscularity. Oxidative capacity also increased with age however the effect was more 
evident on myoglobin concentration than ICDH activity. Increased growth rate, which is 
heavily influenced by environmental effects at each site, was associated with an 
increase in oxidative capacity however the effect of growth rate was smaller than the 
effect of site itself. In conclusion, while selection for leanness, muscling or mature size 
using ASBVs impacts on oxidative capacity, these effects and those of production 
factors such as sex and sire type are small compared to the impact of the environment.  
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Chapter 6. Lamb growth increases intramuscular 
fat levels and reduces shear force in the longissimus 
muscle 
 
6.1 Introduction 
Lamb eating quality is becoming increasingly important to consumers (Pethick et al., 
2006a). It is strongly influenced by intramuscular fat due to its associations with 
consumer sensory scores. As intramuscular fat increases the sensory scores for 
tenderness in lamb increase (Pannier et al., 2014a), which is supported by a negative 
phenotypic correlation between intramuscular fat and shear force (Mortimer et al., 
2014). There is also an increase in consumer overall liking, a score out of 100 based on 
the Meat Standards Australia sensory system, with an increase in intramuscular fat 
(Pannier et al., 2014a) and a reduction with a reduced intramuscular fat (Hopkins et al., 
2006). Therefore changes in intramuscular fat will impact eating quality through 
changes in shear force and consumer sensory scores. 
Lamb growth may impact intramuscular fat although this has not been thoroughly 
investigated in sheep. In cattle, pre finishing growth restrictions result in reduced levels 
of intramuscular fat at the end of finishing, with the development of intramuscular fat 
linked to carcass fatness (Pethick et al., 2004). Pannier et al. (2014c) used hot carcass 
weight as a proxy for whole of life growth in sheep to suggest that intramuscular fat is 
increased with lamb growth. However, the accuracy of the hot carcass weight effect as 
an estimate of the impact of growth is untested against actual growth rates. As hot 
carcass weight is dependent on age at slaughter it is less representative of growth and 
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more representative of environmental influences as animals get older and is likely to be 
a poor proxy for whole of life growth. Furthermore, hot carcass weight is unable to 
differentiate the effect during different phases of growth.  
As intramuscular fat increases with hot carcass weight (Pannier et al., 2014c) and shear 
force and consumer sensory scores are influenced by intramuscular fat (Pannier et al., 
2014a) quantification of the true impact of lamb growth is important to highlight any 
potential effects on meat quality. We hypothesise that intramuscular fat and overall 
liking will increase with growth and shear force will reduce.    
 
6.2 Materials and Methods 
6.2.1 Experimental Design 
The design of the Sheep Cooperative Resource Centre (CRC) Information Nucleus 
Flock was presented in detail by Fogarty et al. (2007) and van der Werf et al. (2010). 
Each year, for 5 years between 2007 and 2011, a total of approximately 3,500 lambs 
were produced at eight research sites across Australia, which represent a broad range of 
production systems (Kirby NSW, Trangie NSW, Cowra NSW, Rutherglen VIC, 
Hamilton VIC, Struan SA, Turretfield SA, and Katanning WA). The lambs were the 
progeny of sires selected to represent the key breeds used in Australia. These included 
Merino sires (Merino, Poll Merino), Maternal sires (Bond, Border Leicester, Booroola, 
Coopworth, Corriedale, Dohne Merino, East Friesian, Prime SAMM, White Dorper), 
and Terminal sires (Hampshire Down, Ile De France, Poll Dorset, Southdown, Suffolk, 
Texel, White Suffolk). Lambs were reared under extensive pasture grazing conditions 
and fed grain, hay or feedlot pellets when feed supply was limited (Ponnampalam et al., 
2014a). 
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6.2.2 Collection of phenotypic measurements 
Lambs were weighed at birth, at weaning (90 days of age) and approximately every two 
weeks thereafter. Hot carcass weight was measured at slaughter. After slaughter all 
carcasses were subjected to medium voltage electrical stimulation (Pearce et al., 2010) 
and dressed according to AUS-MEAT specifications (Anonymous, 2005). Carcasses 
were chilled overnight (3-4°C). Twenty four hours post slaughter the entire short loin 
muscle was removed from the carcass saddle region (cut between the 12th and 13th 
ribs) and the m. longissimus lumborum muscle dissected. The subcutaneous short loin 
fat was weighed (short loin fat weight). The topside muscle (semimembranosus) was 
also excised from the carcass. The two muscles were vacuum packed and stored at 2°C 
to age for 5 days. Five steaks from each muscle of 15 mm thick were cut, vacuum 
packed and frozen at −20°C for subsequent sensory testing. The contralateral loin and 
topside of the carcass were also excised and used for subsequent objective meat quality 
measurements of intramuscular fat and shear force.  
For intramuscular fat, a 40 g sample of loin muscle was excised and stored at -20ºC 
until subsequent freeze drying using a Cuddon FD 1015 freeze dryer (Cuddon Freeze 
Dry, NZ). Intramuscular fat content, expressed as a percentage, was determined using a 
near infrared procedure (NIR) in a Technicon Infralyser 450 (19 wavelengths) using the 
method described by Perry et al. (2001). NIR readings were validated with chemical fat 
determinations using solvent extraction. 
For shear force, a 65 g sample of loin muscle was excised and vacuum packed. After 5 
days of aging the samples were stored at -20ºC until subsequent shear force testing. 
Samples were cooked at 71ºC in plastic bags in water baths for 35 minutes before being 
cooled in running water for 30 minutes. Shear force was measured on six cores from 
each loin sample using a Lloyd texture analyser (Model LRX, Lloyd Instruments, 
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Hampshire UK) with a Warner-Bratzler shear blade fitted as described by Hopkins et al. 
(2010). 
Consumer overall likability was determined using a score scale out of 100 was based on 
the Meat Standards Australia sensory system using untrained consumers and has been 
explained in detail by Pannier et al. (2014a). Loin and topside steaks were also assessed 
for tenderness, juiciness, liking of flavour and liking of odour. Each steak (5 steaks per 
muscle) was halved to form ten test samples which were uniformly grilled using a Silex 
griller to a medium degree of doneness (internal temperature of 65°C). Samples were 
rested for 2 min before being served. Each consumer tested an initial sample of average 
quality with an overall liking score of 72 (Pethick et al., 2006b) followed by 6 test 
samples (3 loin and 3 topside). Samples were allocated using a Latin square design to 
balance position and carry over effects (Thompson et al., 2005). In total 60 consumers 
were recruited in each consumer group to taste 36 samples to obtain 10 responses per 
sample. The sensory testing protocol is described in detail by Thompson et al. (2005) 
and Watson et al. (2008). 
6.2.3 Data available  
The range for weights and growth rates, derived in Chapter 4, are presented in Table 6-1 
and the number of samples analysed, years of data and number of sires with post 
weaning weight (PWWT), post weaning c-site fat depth (PFAT) and post weaning eye 
muscle depth (PEMD) Australian sheep breeding values (ASBVs) for each trait are 
presented in Table 6-2. The PFAT and PEMD breeding values were based on live 
ultrasound measurements while the PWWT breeding values were based on live weight. 
All ASBVs were sourced from Sheep Genetics, Australia’s national genetic evaluation 
database for sheep (Brown et al., 2007) and a correlation matrix is presented in Table 
6-3. Sire ASBVs ranged by as much as 23 kg, 5 mm and 8 mm for PWWT, PFAT and 
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PEMD respectively. The number of kill groups within a site and year varied between 2 
and 5, and ages varied from 5 weeks to 40 weeks apart.  
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Table 6-1 Weight and growth rate ranges for intramuscular fat, shear force and overall liking. 
              
  Variable Minimum Maximum Range Mean Standard Deviation 
Intramuscular Fat (n = 8,254) Birth Weight (kg) 1.70 9.80 8.10 5.05 1.05 
  Weight 100 days (kg) 3.38 60.76 57.38 31.58 8.01 
  Weight 150 days (kg) 11.33 68.78 57.45 37.26 7.52 
  Growth Rate 100 days (g/day)  -170.09 547.70 717.79 134.61 80.92 
  Growth Rate 150 days (g/day)  -170.23 393.49 563.72 99.77 67.12 
  Weight Change 100 to 150 days (kg) -7.25 20.01 27.26 5.68 3.26 
Shear Force (n = 8,433) Hot Carcass Weight (kg) 13.20 40.00 26.80 23.13 3.75 
  Birth Weight (kg) 1.70 10.10 8.40 5.08 1.06 
  Weight 100 days (kg) 3.38 60.76 57.38 31.67 7.93 
  Weight 150 days (kg) 11.33 68.78 57.45 37.39 7.45 
  Growth Rate 100 days (g/day)  -170.09 496.22 666.31 135.20 81.21 
  Growth Rate 150 days (g/day)  -107.37 393.49 500.86 100.53 65.86 
  Weight Change 100 to 150 days (kg) -5.01 20.01 25.02 5.72 3.22 
Overall Liking (n = 1,411) Hot Carcass Weight (kg) 15.00 40.00 25.00 23.70 3.86 
  Birth Weight (kg) 1.98 9.50 7.52 4.83 1.15 
  Weight 100 days (kg) 3.71 57.97 54.26 29.14 7.60 
  Weight 150 days (kg) 11.33 59.36 48.03 34.76 6.90 
  Growth Rate 100 days (g/day)  -89.03 416.19 505.22 127.34 89.04 
  Growth Rate 150 days (g/day)  -107.37 366.30 473.67 103.46 77.56 
  Weight Change 100 to 150 days (kg) -5.01 18.79 23.80 5.63 4.04 
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Table 6-2 Number of animals, years of data and number of sires available for intramuscular fat, shear 
force and overall liking. 
       
 
Number 
of animals 
Years 
of data 
Number 
of sires 
Maternal 
sires 
Merino 
sires 
Terminal 
sires 
Intramuscular Fat 8,254 5 428 83 163 182 
Shear Force 8,433 5 425 83 159 183 
Overall Liking 1,411 2 156 39 52 65 
 
 
Table 6-3 Phenotypic correlations (standard errors) of post weaning sire breeding values for weight, fat 
depth and eye muscle depth among Maternal, Merino and Terminal sires. 
        
  PWWT PFAT PEMD 
  Maternal 
PWWT 1.00 -0.18 (0.09) -0.06 (0.62) 
PFAT -0.18 (0.09) 1.00 0.47 (0.00) 
PEMD -0.06 (0.62) 0.47 (0.00) 1.00 
  Merino 
PWWT 1.00 0.23 (0.00) 0.29 (0.00) 
PFAT 0.23 (0.00) 1.00 0.76 (0.00) 
PEMD 0.29 (0.00) 0.76 (0.00) 1.00 
  Terminal 
PWWT 1.00 -0.03 (0.69) -0.26 (0.00) 
PFAT -0.03 (0.69) 1.00 0.39 (0.00) 
PEMD -0.26 (0.00) 0.39 (0.00) 1.00 
 
6.2.4 Statistical analysis 
Intramuscular fat, shear force and overall liking were analysed using linear mixed 
effects models (SAS Version 9.1, SAS Institute, Cary, NC, USA). Overall liking in the 
loin and topside were analysed separately. For intramuscular fat and overall liking base 
statistical models were developed and then compared to the base models previously 
published, based on less data (Pannier et al., 2014a; Pannier et al., 2014c). In the case of 
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shear force a base statistical model was developed for this paper (data not shown). The 
base models included fixed production effects for site (representing research station site; 
Kirby, Trangie, Cowra, Rutherglen, Hamilton, Struan, Turretfield, Katanning), year of 
birth (2007, 2008, 2009, 2010, 2011), birth type – rear type (11, 21, 22, 31, 32, 33), age 
of dam (2, 3, 4, 5, 6, 7, 8 years), sire type (Merino, Maternal, Terminal), sex-dam breed 
within sire type (Female x Merino x Terminal, Male x Merino x Terminal, Female x 
Border Leicester-Merino x Terminal, Male x Border Leicester-Merino x Terminal) and 
kill group within site by year. Two base models for overall liking were developed using 
the average value of the 10 consumer responses, one for loin and one for the topside cut. 
Sire identification and dam identification by year were included as random terms. 
Consumer group was included as a random term in the overall liking analyses. All 
relevant first order interactions between fixed effects were tested and removed in a 
stepwise manner, by a process of backward elimination, if non-significant (P > 0.05). 
To assess the impact of growth on intramuscular fat, shear force and consumer overall 
liking measures of weight and growth rate were included separately as covariates in the 
above base models. For weight these included weight at birth and estimates of weight at 
100 and 150 days. The effect of weight on the trait being analysed reflected the 
cumulative impact of weight from conception to its point of measurement. For growth 
rate, we examined the impact of weight change between 100 and 150 days (weaning and 
post weaning) as well as instantaneous growth rate, estimated as the first derivative of 
the growth curve, at 100 or 150 days. The advantage of also including the instantaneous 
growth rate measures was that the simple weight change between 100 and 150 days 
provides no ability to determine where growth rate was having the greater effect, closer 
to weaning or post weaning time points. Furthermore, given the smoothed nature of a 
growth curve the tangent, or growth rate, will be similar on days that are close to the 
day being examined. Therefore, the impact of instantaneous growth rate on the trait in 
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question can be extrapolated to a limited degree either side of its point of estimation, 
providing information on the likely change in association between live weight and the 
trait in question closer to these time points. Lamb weights and growth rates were 
obtained in Chapter 4, on the same animals which had intramuscular fat, shear force and 
overall liking measured. 
To determine the accuracy of hot carcass weight as a proxy for growth the impact of hot 
carcass weight on intramuscular fat, as previously assessed by (Pannier et al., 2014c), 
was compared to the impact weight at 100 and 150 days. For shear force and overall 
liking, hot carcass weight was included as a covariate in both the shear force base model 
and the overall liking base model to determine its impact. To determine whether the 
impact of growth on the meat traits was due to adiposity at the site of sampling or whole 
carcass adiposity rather than growth, intramuscular fat and short loin fat weight were 
included separately as covariates in the base models for each trait. All models contained 
all relevant first order interactions between the fixed effects and covariates, including a 
quadratic effect of the covariate, and were removed in a stepwise manner if non-
significant (P > 0.05).  
The impact of PWWT, PFAT and PEMD ASBVs on intramuscular fat and overall 
liking has previously been assessed (Pannier et al., 2014a; Pannier et al., 2014c). To 
determine the impact of PWWT, PFAT and PEMD ASBVs on shear force all three 
ASBVs were analysed concurrently as covariates in the base model. Subsequently, 
weight at 150 days or growth rate at 150 days were included separately in the base 
models for each trait, along with the three ASBVs. The aim of this analysis was to 
determine whether the impact of these ASBVs on intramuscular fat, shear force and 
overall liking were delivered via their impact on growth. The impact of the ASBV for 
birth weight (BWT) and weaning weight (WWT) on intramuscular fat were determined 
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by including the ASBVs separately in the intramuscular fat base model. Subsequently 
weight at birth was included in the base model, along with BWT and weight at 100 days 
was included in the base model, along with WWT. The aim of this analysis was to 
determine whether the impact of BWT or WWT on intramuscular fat, were delivered 
via their impact on growth. All ASBV models contained relevant first order interactions 
between the fixed effects and covariates, including a quadratic effect of the covariate, 
and were removed in a stepwise manner if non-significant (P > 0.05).  
Partial correlations of weight and growth rate with intramuscular fat, shear force and 
overall liking were determined using a multivariate analysis (Version 9.1, SAS Institute, 
Cary, NC, USA). The analysis included the fixed effects and their interactions described 
for the base models. 
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6.3 Results 
6.3.1 Intramuscular fat 
6.3.1.1 Base model 
The base model for this study (not shown) utilised intramuscular fat for 8,254 animals, 
and has previously been published by Pannier et al. (2014c) who analysed a subset of 
this data (n = 5,642). There were minor variations to the Pannier et al. (2014c) model 
with the inclusion of small effects for dam age, a site by sire type interaction, and the 
absence of a site by sex effect. 
6.3.1.2 Birth weight 
Birth weight demonstrated an association with intramuscular fat reducing by 0.85% 
across the 8.1 kg weight range (P < 0.05) (Table 6-4). This association varied in twin 
born lambs and between sire types. Intramuscular fat reduced by 0.14% units for each 
kg of birth weight in twin born lambs. The variation between sire types is detailed in 
Table 6-5. 
. 
Table 6-4 The magnitude of effect (difference between the highest and lowest values) of lamb weight and 
growth rate on intramuscular fat or on shear force across the entire weight or growth rate range. 
      
Trait Intramuscular Fat (%) Shear Force (N) 
Birth Weight (kg) -0.85 - 
Weight 100 days (kg) 1.09 -10.43 
Weight 150 days (kg) 0.49 -6.32 
Growth Rate 100 days (g/day)  -0.95 7.01 
Growth Rate 150 days (g/day)  -1.24 12.89 
Weight Change 100 to 150 days (kg) -1.17 12.90 
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Table 6-5 Variation in slopes between sire types for the impact of birth weight, weight at 100 days and 
weight at 150 days on intramuscular fat.  
                
        Intramuscular Fat 
Trait   Sire type   Slope Trait -Min. Trait - Max. Magnitude 
Birth weight   Maternal   -0.13 1.90 9.50 -0.97 
    Merino   -0.12 2.20 8.60 -0.80 
    Terminal   -0.06 1.70 9.80 -0.51 
                
Weight 150   Maternal   0.001 15.46 55.81 0.04 
    Merino   0.008 13.93 51.20 0.31 
    Terminal   0.016 11.33 68.78 0.94 
Min: Minimum value for the variable; Max: Maximum value for the variable; Magnitude: The total 
magnitude of the effect of the trait on intramuscular fat. 
 
6.3.1.3 Effect of weight at 100 and 150 days 
Weight at 100 days was associated with an increase in intramuscular fat of 0.02% units 
for each kg of weight, which was equivalent to 1.09% across the 57 kg weight range (P 
< 0.01). For weight at 150 days, intramuscular fat increased by 0.01% units for each kg 
of weight, which was equivalent to 0.49% across the 57 kg weight range. This 
association varied between sire types and is detailed in Table 6-5. 
 6.3.1.4 Effect of change in weight between 100 and 150 days and growth rate at 
100 and 150 days 
Growth rate measured at 100 and 150 days or the change in weight measured between 
these time points were all associated with reducing intramuscular fat (P < 0.01). Change 
in weight between 100 and 150 days varied between -7.25 and 20.01 kg, growth rate at 
100 days varied between -170.09 and 547.70 g/day, and growth rate at 150 days varied 
between -170.23 and 393.49 g/day and across these ranges intramuscular fat diminished 
by 1.17%, 0.95% and 1.24%. The association between change in weight between 100 
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and 150 days and intramuscular fat varied between sites and years. The variation 
between sites reduced intramuscular fat by as much as 0.09% units and as little as 
0.04% units per kg of weight change. The variation between years reduced 
intramuscular fat by as much as 0.07% units and as little as 0.05% units per kg of 
weight change. 
6.3.1.5 Effect of adiposity 
When correcting the growth models for short loin fat weight (P < 0.01) the magnitude 
of the growth covariates diminished by a third to a half.   
6.3.1.6 Effect of ASBVs 
When BWT, or WWT were included separately as covariates in the base model, neither 
had an association with intramuscular fat. When the BWT and WWT models were 
corrected for weight at birth and weight at 100 days respectively, there was no change to 
the lack of association of the breeding values with intramuscular fat.  
When the PWWT, PFAT and PEMD ASBV model was corrected for weight at 150 
days or growth rate at 150 days the magnitude of the effect of the breeding values 
reported by (Pannier et al., 2014c) did not change.  
 
6.3.2 Shear force 
6.3.2.1 Base model 
The base model utilised shear force for 8,433 animals. When phenotypic (i.e. weight, 
growth rate, hot carcass weight) or genotypic (PWWT, PFAT, PEMD) covariates were 
included in this model, the production effects generally remained unchanged. The 
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exceptions were sire type which was not significant when the base model was corrected 
for hot carcass weight, and dam age which became significant when the base model was 
corrected for birth weight, weight at 100 days and growth rate at 150 days. 
6.3.2.2 Hot carcass weight 
When hot carcass weight was included as a covariate in the base model it demonstrated 
a curvilinear association with shear force reducing it by 0.34 N for each kg of hot 
carcass weight, which was equivalent to a 9.06 N across the 27 kg hot carcass weight 
range (P < 0.01). This association varied between sex-dam breed within sire type 
combinations. Within the Terminal sired lambs, shear force varied between males and 
female lambs with Border Leicester-Merino compared to Merino dams. The reduction 
in shear force was 0.05 N less in male compared to female lambs from Merino dams 
while it was 0.25 N greater in male compared to female lambs from Border Leicester-
Merino dams (P < 0.05).  
6.3.2.3 Birth weight 
Birth weight demonstrated an association with shear force however this was only 
present in progeny of 4 year old dams where there was a small increase of 0.15 N for 
each kg of birth weight (P < 0.05). 
6.3.2.4 Effect of weight at 100 and 150 days 
Weight at 100 days was associated with a reduction in shear force of 0.18 N for each kg 
of weight, which was equivalent to 10.43 N across the 57 kg weight range. The 
association was reduced by about 35% with a reduction in shear force of 0.11 N for 
each kg of weight at 150 days, which was equivalent to 6.32 N across the 57 kg weight 
range.    
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6.3.2.5 Effect of change in weight between 100 and 150 days and growth rate at 100 
and 150 days 
Growth rate measured at 100 and 150 days or the change in weight measured between 
these time points were all associated with increasing shear force (P < 0.01). Change in 
weight between 100 and 150 days varied between -5.01 and 20.01 kg, growth rate at 
100 days varied between -170.09 and 496.22 g/day, and growth rate at 150 days varied 
between -107.37and 393.49 g/day and across these ranges shear force increased by 
12.90 N, 7.01 N and 12.89 N. The association between growth rate at 100 days and 
shear force varied between years increasing shear force by as much as 0.02 N and as 
little as 0.01 N per g of increase growth rate.  
6.3.2.6 Effect of adiposity 
When correcting the growth models for short loin fat weight (P < 0.01) or intramuscular 
fat (P < 0.01) the magnitude of the growth covariates diminished by a third to a half, 
except for weight at 150 days which was no longer had a significant association with 
shear force when correcting for short loin fat weight. 
6.3.2.7 Effect of ASBVs 
When PWWT, PFAT and PEMD were included simultaneously as covariates in the 
base model, only PFAT had an association with shear force (P < 0.01). Shear force was 
increased by 0.60 N for each mm reduction in PFAT, which equated to an increase in 
shear force of 3.02 N across the 5 mm PFAT range.  
When the PWWT, PFAT and PEMD ASBV model was corrected for weight at 150 
days the magnitude of the breeding value effects did not change. When the ASBV 
model was corrected for growth rate at 150 days PFAT was no longer significant.    
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6.3.3 Overall liking 
6.3.3.1 Base model 
The base model for this study utilised overall liking for 1,411 animals, and has 
previously been published by Pannier et al. (2014a). 
6.3.3.2 Effect of weight 
When hot carcass weight was included as a covariate in the base model it demonstrated 
no association with overall liking in the loin or topside. Birth weight, weight at 100 days 
and weight at 150 days also demonstrated no association with overall liking.   
6.3.3.3 Effect of growth rate 
Weight change between 100 and 150 days and growth rate at 100 and 150 days 
demonstrated no association with overall liking in the loin or topside.  
6.3.3.4 Effect of ASBVs 
When the PWWT, PFAT and PEMD ASBV model reported by Pannier et al. (2014a) 
was corrected for weight at 150 days or growth rate at 150 days there was no variation 
in the magnitude of the breeding values on overall liking in the loin or topside.  
 
6.3.4 Phenotypic correlations  
The phenotypic correlations of the meat traits with weight and growth rate are presented 
in Table 6-6. Intramuscular fat had a negative correlation with all measures of growth 
except weigh at 150 days. Shear force was negatively correlated with weight from 
weaning onwards and positively correlated with growth rate. There were no significant 
correlations between overall liking and growth. 
 1
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Table 6-6 Phenotypic correlations of intramuscular fat, shear force and overall liking with lamb weight and growth rate. Standard error values in brackets. Significant correlations are 
in bold. 
            
  Birth weight Weight 100 days Weight 150 days Growth rate 100 days Growth rate 150 days 
Intramuscular Fat -0.06 (0.00) 0.10 (0.00) -0.06 (0.00) -0.07 (0.00) -0.11 (0.00) 
Shear Force 0.01 (0.47) -0.09 (0.00) -0.04 (0.00) 0.06 (0.00) 0.12 (0.00) 
Overall liking (Loin) 0.01 (0.64) 0.01 (0.81) -0.02 (0.44) 0.01 (0.68) -0.06 (0.04) 
Overall liking (Topside) 0.02 (0.50) -0.01 (0.77) -0.03 (0.22) 0.01 (0.69) -0.06 (0.03) 
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6.4 Discussion 
6.4.1 Intramuscular fat  
Intramuscular fat had a negative association with birth weight after which the 
association inverted and intramuscular fat had a strong positive association with weight 
at 100 days (Table 6-4). The association between intramuscular fat and growth rate was 
similar in magnitude to the association between intramuscular fat and weight at 100 
days however it was negative and strengthened from 100 to 150 days. This resulted in a 
diminished association between weight and intramuscular fat at 150 days, which was 
less than half that observed at 100 days. In general, these phenotypic associations 
aligned well with the phenotypic correlations between intramuscular fat and weight and 
growth rate (Table 6-6). 
To determine whether the change in intramuscular fat with growth was simply a 
reflection of its association with whole carcass adiposity the growth models were 
corrected for short loin fat weight. In general, this reduced the association between 
intramuscular fat and growth by half and in the case of weight at 100 days completely 
accounted for this association. This suggests that the impact of growth on intramuscular 
fat is largely delivered through the associated increase in whole body fatness as animals 
get older. Alternatively, there was still significant variation that was not associated with 
whole body fatness.   
The positive association between weight at 100 and 150 days and intramuscular fat 
aligned well with our hypothesis, and provides more conclusive evidence to confirm the 
earlier suggestions of Pannier et al. (2014c) that intramuscular fat is linked to growth. 
This suggestion was based on the observed positive association between intramuscular 
fat and carcass weight at slaughter in lambs of a similar age, although was proposed 
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with some uncertainty given that carcass weight at slaughter is potentially influenced by 
factors other than just whole of life growth. What is less clear is why the phenotypic 
association between intramuscular fat and hot carcass with weight in the Pannier et al. 
(2014c) study was greater than the magnitude seen for weight at 100 or 150 days in this 
study, particularly when the association with weight was diminishing over time. In part 
this may be because weight early in life also reflects changes in non-carcass tissues, 
which are not represented by hot carcass weight. There is no significant phenotypic 
correlation between intramuscular fat and hot carcass weight (Mortimer et al., 2014) 
which makes the increased phenotypic association with hot carcass weight is difficult to 
explain. 
Although contrasting with the positive association between intramuscular fat and post 
weaning weight, the negative association with birth weight was not entirely unexpected. 
A similar phenomenon has been described in pigs (Beaulieu et al., 2010; Gondret et al., 
2006; Rehfeldt et al., 2008), and is hypothesised to be due to the slow and inefficient 
growth of the pigs resulting in reduced lean percentages at slaughter. However, the 
apparent inversion of this association between birth and weaning highlights this phase 
of growth as a key period in which growth rate may modulate intramuscular fat 
development, with the magnitude of the association between intramuscular fat and 
growth increasing during this period by as much as 1.98 intramuscular fat percentage 
units. This aligns with research indicating that adipocyte development is fixed relatively 
early in life (Kirkland and Dobson, 1997), as has been demonstrated in sheep (McPhee 
et al., 2008), pigs (Beaulieu et al., 2010) and cattle (Pethick et al., 2004), with greater 
adipogenic and lipogenic gene expression in young cattle with increased intramuscular 
fat (Wang et al., 2009). Alternatively the inversion of the association between birth and 
weaning may reflect a poor association between birth weight and intramuscular fat due  
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to weight close to birth being controlled by a number of factors that are not linked to 
maturity, such as dam milk production.  
Increased growth rate in lambs at 100 and 150 days was associated with reduced levels 
of intramuscular fat. Post weaning weight and adult weight are positively correlated 
(Huisman and Brown, 2008) so lambs growing faster at 100 and 150 days are likely to 
be growing to an increased mature size.  Therefore, they are proportionately less of their 
mature size at 150 days resulting in reduced levels of intramuscular fat.   
The impact of weight at birth and 150 days on intramuscular fat varied between sire 
types (Table 6-5). At birth, the effect of weight on intramuscular fat was strongest in 
progeny of Maternal sires. When the model was corrected for short loin fat weight the 
variation between sire types was no longer present. This suggests that the variation 
between sire types was simply a reflection of whole body fatness. At 150 days, the 
effect of weight on intramuscular fat was strongest in the progeny of Terminal sires. 
When the model was corrected for short loin fat weigh the variation between sire types 
was still present, and the magnitude of effect was again largest in Maternal sires. This 
may indicate these animals have higher levels of intramuscular fat at maturity, 
independent of whole body adiposity.  
6.4.2 Shear force 
Shear force was reduced in lambs that were heavier at 100 and 150 days, yet at birth 
there was no association. The lack of relationship between lamb birth weight and shear 
force is consistent with findings in pigs (Bérard et al., 2010) and cattle (Greenwood et 
al., 2006a). This transition from no main effect of weight at birth to a large negative 
effect of weight at 100 days highlights early life pre weaning growth as an important 
developmental period impacting on shear force. Similarly, early life pre weaning growth 
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is also a key developmental period for intramuscular fat deposition. Given the strong 
association between shear force and intramuscular fat (Mortimer et al., 2014; Pannier et 
al., 2014a) it is not surprising that these traits are impacted during the same period of 
growth. 
In contrast to the association with weight, the impact of growth rate at 100 and 150 days 
was opposite, with lambs of higher growth rates having increased shear force. This also 
explains why the magnitude of the effect of weight on shear force diminished by 35% 
between 100 and 150 days (Table 6-4). Although the mechanism for this growth rate 
association is unclear, the changing associations across the life of the animal align well 
with the phenotypic correlations (Table 6-6) evident in these same animals.  
Shear force is reduced with increased intramuscular fat in lamb (Pannier et al., 2014a) 
and pigs (van Laack et al., 2001). As intramuscular fat increases with weight, a 
concurrent reduction in shear force with weight at 100 and 150 days was expected. 
When the growth models were corrected separately for intramuscular fat and short loin 
fat weight both measures of fatness generally reduced the association between shear 
force and growth by a third to a half. This suggests that the impact of growth on shear 
force is largely delivered through the associated increase in local or whole body fatness, 
although there was still significant variation that was not associated with whole body 
fatness.   
Published associations between animal growth and shear force vary. In sheep, several 
studies have demonstrated an increased shear force with weight, the opposite to what 
was found in this study, however none of these studies were controlled for age (Beriain 
et al., 2000; Sañudo et al., 1996; Teixeira et al., 2005). In cattle, neither weight at 
slaughter (Lucero-Borja et al., 2014) or average daily gain (Calkins et al., 1987; 
Moloney et al., 2000), both representing growth rate of a given period, have an 
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association with shear force. Perry and Thompson (2005) showed no overall impact of 
growth path on shear force in beef cattle which aligns with the findings of Greenwood 
et al. (2006a). 
Although not a live weight measure itself hot carcass weight, and its association with 
shear force, was taken into account due to its strong phenotypic correlation with live 
weight at slaughter. Therefore, what is less clear is why the phenotypic association 
between shear force and slaughter weight, as indicated by the association between shear 
force and hot carcass weight in this study, was greater than the magnitude seen for 
weight at 100 or 150 days, particularly when the association with weight was 
diminishing over time. Furthermore, there was no significant phenotypic correlation 
between shear force and hot carcass weight (Mortimer et al., 2014) so the increased 
phenotypic association with hot carcass weight is difficult to explain. Shear force is 
influenced by intramuscular fat so, as expected, these findings parallel the findings 
between intramuscular fat and growth. 
6.4.3 Overall liking 
Contrary to our hypothesis, overall liking showed no association with lamb growth, 
contrasting with the findings of Fisher et al. (2000) who demonstrated that lambs from 
heavier breeds had improved overall liking scores. This lack of effect is all the more 
surprising given that growth impacted on intramuscular fat and shear force, both of 
which have been shown to influence overall liking scores (Hopkins and Mortimer, 
2014; Pannier et al., 2014a). In the Pannier et al. (2014a) study, which used the same 
lambs as used in the present study, the magnitude of the impact of shear force and 
intramuscular fat on overall liking represented around 12 - 14% of the average overall 
liking score. Thus other factors must play a role in determining overall liking, beyond 
just intramuscular fat and shear force.   
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While the associations of intramuscular fat and shear force with overall liking did not 
amount to an effect on overall liking it is possible, based on the phenotypic associations, 
that this will change over time. Furthermore, changes in overall liking with lamb growth 
may not have been captured due to the highly variable nature of consumer data. 
There was no phenotypic association between overall liking and slaughter weight, as 
indicated by the lack of association between overall liking and hot carcass weight, in 
this study. This is in contrast to the positive correlation between hot carcass weight and 
overall liking in the Lambe et al. (2009) study. In the Lambe et al. (2009) study on two 
lamb breeds, the correlation was only significant in the loin, and not in the leg. Hence 
there was inconsistency between cuts and the lack of correlation in the leg aligns with 
the lack of effect in in the topside in the present study. The lack of a relationship 
between overall liking and lamb growth was reflected in the phenotypic correlations 
between overall liking and growth, which were generally not significant (Table 6-6). 
The published impact of PWWT, PFAT and PEMD on intramuscular fat (Pannier et al., 
2014c), shear force and overall liking (Pannier et al., 2014a) did not change when 
corrected for weight at 150 days or growth rate at 150 days. The effects of PFAT and 
PEMD did not change with correction for weight or growth rate at 150 days indicating 
that they are not mechanistically driven through the impact of growth, as evidenced by 
the lack of a PWWT effect. The impact of birth weight and weight at 100 days on 
intramuscular fat did not vary with the inclusion of ASBVs for birth and weaning 
weights indicating that the impact of weight at birth and 100 days on intramuscular fat 
is not due to genotype. 
 
 178 
 
6.5 Conclusion 
This study demonstrated that lamb growth impacts on both intramuscular fat and shear 
force, and had no impact on consumer overall liking. The key period for modulation of 
intramuscular fat and shear force by growth was in the pre weaning period with the 
magnitude of the responses of both traits to weight reducing after weaning. 
Intramuscular fat may also be influenced by in-utero growth as the association with 
weight inverts between birth and weaning. Lambs heavier at birth had the lowest 
intramuscular fat and lambs heavier at weaning had the highest intramuscular fat. A 
third to a half of the association between lamb growth and either intramuscular fat or 
shear force was delivered through an associated increase in whole carcass adiposity. 
This indicated that a large portion of the impact of growth on these two traits is 
delivered through the associated increase in whole body fatness as animals get older. 
However, there was still significant variation that was not associated with whole body 
fatness, indicating that growth was still having an impact on intramuscular fat and shear 
force which was independent of whole carcass adiposity. Currently, lamb growth is not 
impacting overall liking. However the associations between overall liking and both 
intramuscular fat and shear force are such that growth can be expected to impact overall 
liking as a result of continual selection for growth. Hot carcass weight, as a proxy for 
whole of life growth, overestimated the impact of growth on intramuscular fat and shear 
force and was unable to describe the impact of growth during different phases of 
growth. Hot carcass weight varies with age at slaughter, while growth at weaning and 
post weaning do not, contributing to the poor alignment of hot carcass weight and 
growth effects.  
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Chapter 7. Lamb growth increases oxidative 
capacity and mineral content in the longissimus muscle  
 
7.1 Introduction 
The nutritional value of meat is a key driver of the consumer decision making process 
(Pethick et al., 2006a). Currently, the level of minerals such as iron and zinc are 
sufficient to claim lamb meat as a good source for the majority of the population 
(Pannier et al., 2014b; Pannier et al., 2010). These mineral levels are influenced by 
muscle fibre type with reduced iron and zinc in muscles exhibiting low oxidative fibre 
types and therefore having a low oxidative capacity (Kondo et al., 1991; Pearce et al., 
2009). Oxidative capacity is indicated by levels of the oxidative enzyme isocitrate 
dehydrogenase (ICDH; EC 1.1.1.42) and by myoglobin concentration which are both 
elevated in oxidative type I and type IIA muscle fibres (Brandstetter et al., 1998a; 
Pethick et al., 2005c). Therefore, changes in fibre type with lamb growth may impact 
muscle oxidative capacity as well as iron and zinc concentrations. 
The impact of lamb growth on muscle fibre type with subsequent changes in oxidative 
capacity and mineral content has not been thoroughly investigated. Kelman et al. (2014) 
used hot carcass weight at a given age as a proxy for whole of life growth to suggest 
that oxidative capacity is increased with lamb growth rate. Given the association 
between oxidative capacity and iron and zinc concentrations (Pannier et al., 2014b), it 
seems reasonable that iron and zinc will also increase with increased growth. Aligning 
with this suggestion, Pannier et al. (2014b) demonstrated in these same lambs an 
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association between increasing iron and zinc concentration and heavier hot carcass 
weight.   
The use of hot carcass weight as a proxy for whole of life growth is based on the 
assumption that lamb growth is linear. However, lamb growth is sigmoidal with rapid 
exponential growth during early life followed by a deceleration and then a late tapering 
of growth close to adult weight (Hendrick et al., 1989). Thus hot carcass weight 
measured at a fixed time point only is a crude representation of growth. Therefore a 
more detailed analysis of growth path is required to understand the impact of this on 
oxidative capacity and mineral content and thus consumer acceptability. 
The surface browning of meat at retail display slowly increases as red myoglobin 
oxidises forming “brown” metmyoglobin. Browning is accelerated when type I muscle 
fibres (O'keeffe and Hood, 1982; Renerre and Labas, 1987) and thus oxidative capacity 
(Calnan et al., 2014) increase. Therefore, any changes to muscle fibre type with growth 
may also impact meat browning. Furthermore meat browning is increased with 
increasing intramuscular fat due to the auto-oxidation of the lipid accelerating the 
oxidisation of myoglobin and the formation of brown pigment (Faustman et al., 2010). 
As oxidative capacity and intramuscular fat increase with hot carcass weight (Kelman et 
al., 2014; Pannier et al., 2014c) meat browning is likely to increase with increased 
growth.  
Lambs from the Information Nucleus Flock (van der Werf et al., 2010) (van der Werf et 
al., 2010) run by the Australian Cooperative Research Centre (CRC) for Sheep Industry 
Innovation were measured for live weight, markers of oxidative capacity, mineral 
content and retail meat browning. Live weights of these lambs were used to model 
growth (Chapter 4) allowing growth at different phases of lamb development and the 
association with the muscle measurements to be assessed. Given the associations with 
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hot carcass weight we hypothesised that increased growth would be associated with 
higher myoglobin concentration, iron concentration and zinc concentration, increased 
activity of ICDH and accelerated meat browning.  
 
7.2 Materials and Methods 
7.2.1 Experimental Design 
The design of the Sheep CRC’s Information Nucleus Flock was presented in detail by 
Fogarty et al. (2007) and van der Werf et al. (2010). Each year, for 5 years between 
2007 and 2011, a total of approximately 3,500 lambs were produced at eight research 
sites across Australia, which represent a broad range of production systems (Kirby 
NSW, Trangie NSW, Cowra NSW, Rutherglen VIC, Hamilton VIC, Struan SA, 
Turretfield SA, and Katanning WA). The lambs were the progeny of sires selected to 
represent the key breeds used in Australia. These included Merino sires (Merino, Poll 
Merino), Maternal sires (Bond, Border Leicester, Booroola, Coopworth, Corriedale, 
Dohne Merino, East Friesian, Prime SAMM, White Dorper), and Terminal sires 
(Hampshire Down, Ile De France, Poll Dorset, Southdown, Suffolk, Texel, White 
Suffolk). Lambs were reared under extensive pasture grazing conditions and fed grain, 
hay or feedlot pellets when feed supply was limited (Ponnampalam et al., 2014a). 
7.2.2 Collection of phenotypic measurements 
Lambs were weighed at birth, at weaning (90 days of age) and approximately every two 
weeks thereafter. Hot carcass weight was measured at slaughter. After slaughter all 
carcasses were subjected to medium voltage electrical stimulation(Pearce et al., 2010) 
and dressed according to AUS-MEAT specifications (Anonymous, 2005). Carcasses 
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were chilled overnight (3-4°C). After slaughter and within 5 h post–mortem, a 1 g 
sample of m. longissimus lumborum (short loin muscle) was excised from the carcass 
(over the 12
th
 rib) of every animal. Subcutaneous fat was removed and the samples were 
snap-frozen in liquid nitrogen and stored at -80C until subsequent ICDH 
determination. The ICDH activity was determined by the method of (Briand, 1981), 
which was adapted to run on an Olympus AU400 auto analyser. At 24 h post-mortem 
the entire short loin muscle was removed from the carcass and the subcutaneous short 
loin fat was dissected and weighed (short loin fat weight). A 40 g sample of short loin 
muscle was excised and stored at -20ºC until subsequent freeze drying using a Cuddon 
FD 1015 freeze dryer (Cuddon Freeze Dry, NZ). Approximately 0.2 g of dry matter was 
collected for iron and zinc concentration analysis.  
These were prepared according to the USEPA method 200.3 (USEPA, 1991) and iron 
and zinc concentrations were determined using a Vista AX CCD simultaneous ICP-AES 
(Varian Australia Pty Ltd). Intramuscular fat content, expressed as a percentage, was 
measured on the 40 g sample of loin muscle. Intramuscular fat was determined using a 
near infrared procedure (NIR) in a Technicon Infralyser 450 (19 wavelengths) using the 
method described by Perry et al. (2001). NIR readings were validated with chemical fat 
determinations using solvent extraction. 
For myoglobin, a 1 g sample of short loin muscle was excised and stored at -20C until 
myoglobin concentration determination by the method of Trout (1991). To determine 
meat browning a 50 mm long by 30 mm deep section was excised from the loin, 
vacuum packed in clear gas impermeable plastic and aged in a chiller at 3-4°C for 5 
days. The loin samples were then incised perpendicular to the long axis to expose a 
fresh surface and wrapped with oxygen-permeable polyvinyl chloride film. The samples 
were then placed under simulated retail display conditions of temperature and light as 
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described by Calnan et al. (2014). After 3 days of display light reflectance colour 
measures were taken of each loin sample through the film within the chiller using a 
Hunterlab spectrophotometer XE Plus (Cat. No. 6352, model No. 45/0-L, aperture of 
3.18 cm). A ratio of red oxymyoglobin pigment to brown metmyoglobin pigment was 
calculated as (% reflectance at 630 nm) / (% reflectance at 580 nm) or R630/R580. 
Higher ratios indicate increased redness with lower values representing increased 
surface browning. Two spectrophotometric readings of each sample were taken at 90 
degrees on the horizontal plane and the ratios were then averaged. 
7.2.3 Data available  
The ranges for weights and growth rates, derived in Chapter 4, are presented in Table 
7-1 and the number of samples analysed, years of data and number of sires with post 
weaning weight (PWWT), post weaning c-site fat depth (PFAT) and post weaning eye 
muscle depth (PEMD) Australian sheep breeding values (ASBVs) for each trait are 
presented in Table 7-2. The PFAT and PEMD breeding values were based on live 
ultrasound measurements while the PWWT breeding values were based on live weight. 
All ASBVs were sourced from Sheep Genetics, Australia’s national genetic evaluation 
database for sheep (Brown et al., 2007) and a correlation matrix is presented in Table 
7-3. Sire ASBVs ranged by as much as 23 kg, 5 mm and 8 mm for PWWT, PFAT and 
PEMD respectively. The number of kill groups within a site and year varied between 2 
and 5, and ages varied from 5 weeks to 40 weeks apart. 
.  
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Table 7-1 Weight and growth rate ranges for isocitrate dehydrogenase (ICDH) activity, myoglobin concentration, iron concentration, zinc concentration and meat browning. 
              
  Variable Minimum Maximum Range Mean Standard Deviation 
ICDH Activity (n = 4,571) Birth Weight (kg) 1.70 9.80 8.10 5.04 1.01 
  Weight 100 days (kg) 3.38 57.97 54.59 31.37 8.19 
  Weight 150 days (kg) 13.93 60.20 46.27 36.94 7.46 
  Growth Rate 100 days (g/day)  -170.09 547.70 717.79 132.16 74.06 
  Growth Rate 150 days (g/day)  -170.23 393.49 563.72 97.93 66.29 
  Weight Change 100 to 150 days (kg) -7.25 16.95 24.20 5.57 3.05 
Myoglobin Concentration (n = 8,987) Birth Weight (kg) 1.90 10.10 8.20 5.08 1.08 
  Weight 100 days (kg) 3.38 60.76 57.38 31.67 7.93 
  Weight 150 days (kg) 11.33 68.78 57.45 37.39 7.48 
  Growth Rate 100 days (g/day)  -170.09 547.70 717.79 137.33 81.17 
  Growth Rate 150 days (g/day)  -170.23 393.49 563.72 99.39 65.80 
  Weight Change 100 to 150 days (kg) -7.25 20.01 27.26 5.73 3.20 
Iron Concentration (n = 8,434) Birth Weight (kg) 1.90 9.80 7.90 5.05 1.04 
  Weight 100 days (kg) 3.38 60.76 57.38 31.54 7.97 
  Weight 150 days (kg) 11.33 68.78 57.45 37.25 7.48 
  Growth Rate 100 days (g/day)  -170.09 547.70 717.79 135.60 81.23 
  Growth Rate 150 days (g/day)  -143.78 393.49 537.27 99.82 66.49 
  Weight Change 100 to 150 days (kg) -5.01 20.01 25.02 5.70 3.24 
Zinc Concentration (n = 7,236) Birth Weight (kg) 1.90 9.80 7.90 5.03 1.05 
  Weight 100 days (kg) 3.38 57.97 54.59 31.32 8.00 
  Weight 150 days (kg) 11.33 60.79 49.46 36.94 7.36 
  Growth Rate 100 days (g/day)  -170.09 547.70 717.79 131.27 78.05 
  Growth Rate 150 days (g/day)  -170.23 393.49 563.72 100.41 67.92 
  Weight Change 100 to 150 days (kg) -7.25 20.01 27.26 5.62 3.28 
Meat Browning (n = 5,033) Birth Weight (kg) 1.70 10.10 8.40 5.18 1.07 
  Weight 100 days (kg) 7.33 60.76 53.43 33.12 7.81 
  Weight 150 days (kg) 13.93 68.78 54.85 39.35 7.33 
  Growth Rate 100 days (g/day)  -170.09 496.22 666.31 149.71 80.23 
  Growth Rate 150 days (g/day)  -170.23 393.49 563.72 106.66 66.78 
  Weight Change 100 to 150 days (kg) -7.25 19.31 26.56 6.23 3.25 
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Table 7-2 Number of animals, years of data and number of sires available for isocitrate dehydrogenase (ICDH) activity, myoglobin concentration, iron concentration, zinc 
concentration and meat browning. 
              
  Number of animals Years of data Number of sires Maternal sires Merino sires Terminal sires 
ICDH Activity 4, 571 3 258 60 93 105 
Myoglobin Concentration 8, 987 5 429 83 163 183 
Iron Concentration 8, 434 5 428 83 163 182 
Zinc Concentration 7, 236 4 336 75 126 135 
Meat Browning 5, 933 5 416 82 151 183 
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Table 7-3 Phenotypic correlations (standard errors) of post weaning sire breeding values for weight, fat 
depth and eye muscle depth among Maternal, Merino and Terminal sires. 
        
  PWWT PFAT PEMD 
  Maternal 
PWWT 1.00 -0.18 (0.09) -0.06 (0.62) 
PFAT -0.18 (0.09) 1.00 0.47 (0.00) 
PEMD -0.06 (0.62) 0.47 (0.00) 1.00 
  Merino 
PWWT 1.00 0.23 (0.00) 0.29 (0.00) 
PFAT 0.23 (0.00) 1.00 0.76 (0.00) 
PEMD 0.29 (0.00) 0.76 (0.00) 1.00 
  Terminal 
PWWT 1.00 -0.03 (0.69) -0.26 (0.00) 
PFAT -0.03 (0.69) 1.00 0.39 (0.00) 
PEMD -0.26 (0.00) 0.39 (0.00) 1.00 
 
7.2.4 Statistical analysis 
ICDH activity and myoglobin, iron and zinc concentrations were analysed using linear 
mixed effects models (SAS Version 9.1, SAS Institute, Cary, NC, USA). Initially, base 
statistical models were developed and then compared to the base models previously 
published, based on less data, for ICDH activity, myoglobin concentration (Kelman et 
al., 2014), iron and zinc concentrations (Pannier et al., 2014b) and meat browning 
(Calnan et al., 2014). The base models included fixed production effects for site 
(representing research station site; Kirby, Trangie, Cowra, Rutherglen, Hamilton, 
Struan, Turretfield, Katanning), year of birth (2007, 2008, 2009, 2010, 2011), birth type 
– rear type (11, 21, 22, 31, 32, 33), age of dam (2, 3, 4, 5, 6, 7, 8 years), sire type 
(Merino, Maternal, Terminal), sex-dam breed within sire type (Female x Merino x 
Terminal, Male x Merino x Terminal, Female x Border Leicester-Merino x Terminal, 
Male x Border Leicester-Merino x Terminal) and kill group within site by year. Sire 
identification and dam identification by year were included as random terms. All 
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relevant first order interactions between fixed effects were tested and removed in a 
stepwise manner, by a process of backward elimination, if non-significant (P > 0.05).  
To assess the impact of growth on intramuscular fat, shear force and consumer overall 
liking measures of weight and growth rate were included separately as covariates in the 
above base models. For weight these included weight at birth and estimates of weight at 
100 and 150 days. The effect of weight on the trait being analysed reflected the 
cumulative impact of weight from conception to its point of measurement. For growth 
rate, we examined the impact of weight change between 100 and 150 days (weaning and 
post weaning) as well as instantaneous growth rate, estimated as the first derivative of 
the growth curve, at 100 or 150 days. The advantage of also including the instantaneous 
growth rate measures was that the simple weight change between 100 and 150 days 
provides no ability to determine where growth rate was having the greater effect, closer 
to weaning or post weaning time points. Furthermore, given the smoothed nature of a 
growth curve the tangent, or growth rate, will be similar on days that are close to the 
day being examined. Therefore, the impact of instantaneous growth rate on the trait in 
question can be extrapolated to a limited degree either side of its point of estimation, 
providing information on the likely change in association between live weight and the 
trait in question closer to these time points. Lamb weights and growth rates were 
obtained in Chapter 4, on the same animals which had these traits measured. 
To determine the accuracy of hot carcass weight as a proxy for growth the impact of hot 
carcass weight on isocitrate dehydrogenase activity and myoglobin concentration, as 
previously assessed by Kelman et al. (2014), iron concentration and zinc concentration, 
as previously assessed by Pannier et al. (2014b) and meat browning, as previously 
assessed by Calnan et al. (2014) was compared to the impact of weight at 100 and 150 
days. To determine whether the impact of growth on the meat traits was due to adiposity 
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at the site of sampling or whole carcass adiposity rather than growth, intramuscular fat 
and short loin fat weight were included separately as covariates in the base models for 
each trait. All models contained all relevant first order interactions between the fixed 
effects and covariates, including a quadratic effect of the covariate, and were removed 
in a stepwise manner if non-significant (P > 0.05).  
The impact of PWWT, PFAT and PEMD ASBVs on ICDH activity, myoglobin, iron 
and zinc concentration and meat browning has previously been assessed (Calnan et al., 
2014; Kelman et al., 2014; Pannier et al., 2014b). This analysis aimed to determine 
whether the impact of these ASBVs was delivered via their impact on growth. Thus 
weight at 150 days or growth rate at 150 days were included separately in the base 
model for each trait, along with the three ASBVs. All models contained relevant first 
order interactions between the fixed effects and covariates, including a quadratic effect 
of the covariate, and were removed in a stepwise manner if non-significant (P > 0.05).  
Partial correlations of weight and growth rate with ICDH activity, myoglobin, iron and 
zinc concentration and meat browning were determined using a multivariate analysis 
(Version 9.1, SAS Institute, Cary, NC, USA). The analysis included the fixed effects 
and their interactions described for the base models. 
 
7.3 Results 
7.3.1 Isocitrate Dehydrogenase 
7.3.1.1 Base model 
The base model for this study (not shown) utilised ICDH activity for 4,571 animals, and 
has previously been published by Kelman et al. (2014) who analysed a subset of this 
 189 
  
data (n = 3, 178). There were no significant variations to the Kelman et al. (2014) model 
with the additional data, and the magnitude of the effects were similar. 
7.3.1.2 Birth weight  
Birth weight varied between 1.70 and 9.80 kg and across this range was associated with 
a reduction in ICDH activity of 0.57 µmol/min/g tissue (P < 0.01) (Table 7-4). 
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Table 7-4 The magnitude of effect (difference between the highest and lowest values) of lamb weight and growth rate on isocitrate dehydrogenase activity, myoglobin concentration, 
iron concentration, zinc concentration and meat browning. 
            
  ICDH Activity Myoglobin Concentration Iron Concentration Zinc Concentration Meat Browning 
Birth Weight (kg) -0.57 -1.22 -0.25 - -0.14 
Weight 100 days (kg) -0.38 2.22 0.26 0.13 -0.86 
Weight 150 days (kg) -0.78 1.81 0.23 - -0.88 
Growth Rate 100 days (g/day)  -0.78 -0.91 -0.17 -0.35 - 
Growth Rate 150 days (g/day)  -0.60 -0.72 -0.22 -0.32 0.67 
Weight Change 100 to 150 days (kg) -0.83 -1.47 -0.26 -0.35 0.60 
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7.3.1.3 Effect of weight at 100 and 150 days 
Weight at 100 days was associated with a reduction in ICDH activity of 0.01 
µmol/min/g tissue for each kg of weight, which was equivalent to 0.38 µmol/min/g 
tissue across the 55 kg weight range. For weight at 150 days the association was twice 
as strong with a reduction in ICDH activity of 0.78 µmol/min/g tissue across the 46 kg 
weight range.   
7.3.1.4 Effect of change in weight between 100 and 150 days and growth rate at 100 
and 150 days 
Growth rate measured at 100 and 150 days or the change in weight measured between 
these time points were all associated with reducing ICDH activity (P < 0.01). Change in 
weight between 100 and 150 days varied between -7.25 and 16.95 kg, growth rate at 
100 days varied between -170.09 and 547.70 g/day, and growth rate at 150 days varied 
between -170.23 and 393.49 g/day and across these ranges ICDH activity reduced by 
0.83, 0.78 and 0.60 µmol/min/g tissue. 
7.3.1.5 Effect of adiposity 
When correcting the growth models for short loin fat weight, short loin fat weight did 
not impact on ICDH activity, nor did it diminish the association between growth and 
ICDH activity. When correcting the growth models for intramuscular fat (P < 0.01) the 
magnitude of the growth covariates was not diminished for weight, and diminished by 
less than a third for growth rate. 
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7.3.1.6 Effect of ASBVs 
When the ASBV model was corrected for weight at 150 days or for growth rate at 150 
days the magnitude of the breeding value effects reported by Kelman et al. (2014) did 
not change. 
 
7.3.2 Myoglobin Concentration 
7.3.2.1 Base model 
The base model for this study (not shown) utilised myoglobin concentration for 8,987 
animals, and has previously been published by Kelman et al. (2014) who analysed a 
subset of this data (n = 5,580). There was a minor variation to the Kelman et al. (2014) 
model with the inclusion of a small effect for birth type-rear type combination. 
7.3.2.2 Birth weight 
Birth weight demonstrated an association with myoglobin concentration reducing it by 
0.15 mg/g tissue for each kg of weight, which was equivalent to 1.22 mg/g tissue across 
the 8.2 kg weight range (P < 0.01) (Table 7-4). This association varied between sites 
and sire types. Between sites, myoglobin concentration reduced by as much as 0.28 
mg/g tissue and as little as 0.11 mg/g tissue for each kg of weight. The variation with 
sire type is detailed in Table 7-5. 
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Table 7-5 Variation in slopes between sire types for the impact of birth weight, weight at 100 and 150 days, weight change between 100 and 150 days and growth rate at 100 and 150 
days on myoglobin concentration, iron concentration and zinc concentration. 
                                
    Myoglobin Concentration   Iron Concentration   Zinc Concentration 
Trait Sire type Slope Trait - Min. Trait - Max. Magnitude   Slope Trait - Min. Trait - Max. Magnitude   Slope Trait - Min. Trait - Max. Magnitude 
Birth weight Maternal -0.12 1.90 9.70 -0.91   -0.03 1.90 9.50 -0.24   - - - - 
  Merino -0.26 2.20 9.10 -1.77   -0.05 2.28 8.60 -0.33   - - - - 
  Terminal -0.08 1.98 10.10 -0.61   -0.02 1.98 9.80 -0.18   - - - - 
                                
Weight 100 Maternal ND         0.006 6.87 51.06 0.28   ND       
  Merino ND         0.001 8.65 51.60 0.06   ND       
  Terminal ND         0.006 3.38 60.76 0.36   ND       
                                
Weight 150 Maternal 0.04 15.46 53.06 1.55   0.006 15.46 55.81 0.25   - - - - 
  Merino 0.01 13.93 51.20 0.35   -0.002 13.93 51.20 -0.07   - - - - 
  Terminal 0.04 11.33 68.78 2.54   0.008 11.33 68.78 0.44   - - - - 
                                
Weight Change  Maternal -0.02 -4.18 15.27 -0.46   -0.007 -4.19 15.27 -0.13   ND       
100 to 150 Merino -0.12 -7.25 15.88 -2.78   -0.022 -4.45 15.88 -0.45   ND       
  Terminal -0.02 -5.01 20.01 -0.45   -0.003 -5.01 20.12 -0.07   ND       
                                
Growth Rate 100 Maternal -0.15* -89.23 348.68 -0.07   -0.09* -89.23 348.68 -0.04   -0.47* -89.23 348.68 -0.21 
  Merino -3.79* -168.78 359.54 -2.00   -0.75* -168.78 359.54 -0.40   -0.81* -89.03 359.54 -0.37 
  Terminal 0.17* -170.09 547.70 0.12   0.14* -170.09 547.70 0.10   -0.19* -170.09 547.70 -0.13 
                                
Growth Rate 150 Maternal -2.27* -85.69 297.86 -0.87   ND         ND       
  Merino -5.35* -170.23 277.49 -2.39   ND         ND       
  Terminal -2.22* -107.37 393.49 -1.11   ND         ND       
Min: Minimum value for the variable; Max: Maximum value for the variable; Magnitude: The total magnitude of the effect the variable has on myoglobin concentration, iron 
concentration and zinc concentration; *(slope) x10
-3
; ND: No difference in slope between sire types; -: No significant association 
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7.3.2.3 Effect of weight at 100 and 150 days 
Weight at 100 days demonstrated a curvilinear association with myoglobin 
concentration increasing it by 0.04 mg/g tissue for each kg of weight, which was 
equivalent to 2.22 mg/g tissue across the 57 kg weight range (P < 0.01). For weight at 
150 days, the association increased myoglobin concentration by 1.81 mg/g tissue across 
the 57.45 kg range (P < 0.01). This association varied between sites and sire types. 
Between sites, myoglobin concentration increased by as much as 0.05 mg/g tissue and 
as little as 0.05x10
-2
 mg/g tissue for each kg of weight. The variation with sire type is 
detailed in Table 7-5. 
7.3.2.4 Effect of change in weight between 100 and 150 days and growth rate at 100 
and 150 days 
Growth rate measured at 100 and 150 days or the change in weight measured between 
these time points all demonstrated a relationship with myoglobin concentration (P < 
0.01).  Change in weight between 100 and 150 days varied between -7.25 and 20.01 kg, 
growth rate at 100 days varied between -170.09 and 547.70 g/day, and growth rate at 
150 days varied between   -170.23 and 393.49 g/day and across these ranges myoglobin 
concentration reduced by 1.47, 0.91 and 0.72 mg/g tissue. These associations varied 
between sire types and are presented in Table 7-5. 
7.3.2.5 Effect of adiposity 
When correcting the growth models for short loin fat weight (P < 0.01) the magnitude 
of the growth covariates diminished by a third to a half. When correcting the growth 
models for intramuscular fat (P < 0.01) the magnitude of the growth covariates was 
diminished by less than a tenth. 
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7.3.2.6 Effect of ASBVs 
When the ASBV model was corrected for weight at 150 days or for growth rate at 150 
days the magnitude of the breeding value effects reported by Kelman et al. (2014) did 
not change, with the exception of PWWT which was no longer significant in either 
model. 
 
7.3.3 Iron Concentration 
7.3.3.1 Base model 
The base model for this study (not shown) utilised iron concentration for 8,434 animals, 
and has previously been published by Pannier et al. (2014b) who analysed a subset of 
this data (n = 5,625). There were minor variations to the Pannier et al. (2014b) model 
with the inclusion of an effect for dam breed within sire type and the absence of a birth 
type-rear type or birth type-rear type by sire type effect. 
7.3.3.2 Birth weight 
Birth weight demonstrated an association with iron concentration reducing it by 0.03 
mg/100g for each kg of weight, which was equivalent to 0.25 mg/100g across the 7.9 kg 
weight range (P < 0.01) (Table 7-4). This association varied between sites and sire 
types. Between sites, iron concentration increased by as much as 0.06x10
-2
 mg/100g and 
reduced by as much as 0.05 mg/100g for each kg of weight. The variation with sire type 
is detailed in Table 7-5. 
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7.3.3.3 Effect of weight at 100 and 150 days 
Weight at 100 days was associated with an increase in iron concentration of 0.45x10
-2
 
mg/100g for each kg of weight, which was equivalent to 0.26 mg/100g across the 57 kg 
weight range (P < 0.01).  This association varied between sire types. Weight at 150 days 
demonstrated an association with iron concentration, increasing it by 0.23 mg/100g 
across the 57.45 kg weight range (P < 0.01). This association varied between sire types. 
The variation with sire type at 100 and 150 days is detailed in Table 7-5. 
7.3.3.4 Effect of change in weight between 100 and 150 days and growth rate at 100 
and 150 days 
Growth rate measured at 100 and 150 days or the change in weight measured between 
these time points were all associated with reducing iron concentration (P < 0.01). 
Change in weight between 100 and 150 days varied between -5.01 and 20.01 kg, growth 
rate at 100 days varied between -170.09 and 547.70 g/day, and growth rate at 150 days 
varied between -143.78 and 393.49 g/day and across these ranges iron concentration 
reduced by 0.26, 0.17 and 0.22 mg/100g. The association between change in weight 
between 100 and 150 days or growth rate and iron concentration varied at some sites 
and between sire types. The variation at one site reduced iron concentration by 0.65x10
-
2
 mg/100g for each kg of weight change between 100 and 150 days. For growth rate at 
100 days iron concentration reduced by as much as 0.06x10
-2
 mg/100g and as little as 
0.01x10
-2
 mg/100g between sites for each g of growth rate.  The variation with sire type 
with change in weight between 100 and 150 days and growth rate at 100 days is detailed 
in Table 7-5. 
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7.3.3.5 Effect of adiposity 
When correcting the growth models for short loin fat weight (P < 0.05) the magnitude 
of the growth covariates diminished by a third to a half. When correcting the growth 
models for intramuscular fat (P < 0.01) the magnitude of the growth covariates did not 
diminish. 
7.3.3.6 Effect of ASBVs 
When the ASBV model was corrected for weight at 150 days or growth rate at 150 days 
the magnitude of the effect of the breeding values reported by Pannier et al. (2014b) did 
not change, with the exception of PWWT which became significant with the inclusion 
of weight at 150 days. 
 
 7.3.4 Zinc Concentration 
7.3.4.1 Base model 
The base model for this study (not shown) utilised zinc concentration for 7,236 animals, 
and has previously been published by Pannier et al. (2014b) who analysed a subset of 
this data (n = 5,625). There were no variations to the Pannier et al. (2014b) base model. 
7.3.4.2 Birth weight 
Birth weight demonstrated no association with zinc concentration. 
7.3.4.3 Effect of weight at 100 and 150 days 
Weight at 100 days was associated with an increase in zinc concentration of 0.23x10
-2
 
mg/100g for each kg of weight, which was equivalent to 0.13 mg/100g across the 55 kg 
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weight range (P < 0.05) (Table 7-4). Weight at 150 days demonstrated no association 
with zinc concentration.  
7.3.4.4 Effect of change in weight between 100 and 150 days and growth rate at 100 
and 150 days 
Growth rate measured at 100 and 150 days or the change in weight measured between 
these time points were all associated with reducing zinc concentration. Change in 
weight between 100 and 150 days varied between -7.25 and 20.01 kg, growth rate at 
100 days varied between -170.09 and 547.70 g/day, and growth rate at 150 days varied 
between -170.23 and 393.49 g/day and across these ranges zinc concentration reduced 
by 0.35, 0.35 and 0.32 mg/100g. The association between growth rate at 100 days and 
zinc concentration varied between sire types and the magnitude of the variations are 
detailed in Table 7-5. 
7.3.4.5 Effect of adiposity 
When correcting the growth models for short loin fat weight (P < 0.05) the magnitude 
of the effect of growth rate at 100 days did not diminish, short loin fat weight was no 
longer significant with weight change between 100 and 150 days or growth rate at 150 
days and did not diminish the association between growth rate and zinc concentration, 
and the association between weight at 100 days and zinc concentration was no longer 
significant. When correcting the growth models for intramuscular fat (P < 0.01) the 
magnitude of the growth covariates did not diminish except for weight at 100 days 
which no longer had a significant association with zinc concentration.  
7.3.4.6 Effect of ASBVs 
When the ASBV model was corrected for weight at 150 days the magnitude of the 
effect of the breeding values reported by Pannier et al. (2014b) did not change. When 
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the ASBV model was corrected for growth rate at 150 days PWWT became significant, 
increasing zinc concentration by 0.16 mg/100g across the 23 kg PWWT range.  
 
7.3.5 Meat Browning 
7.3.5.1 Base model 
The base model for this study (not shown) utilised meat colour for 5,033 animals, and 
has previously been published by Calnan et al. (2014) who analysed a subset of this 
data (n = 4,238). There were minor variations to the Calnan et al. (2014) model with the 
inclusion of a site by year effect.  
7.3.5.2 Birth weight 
Birth weight varied between 1.70 and 10.10 kg and across this range was associated 
with a reduction in meat browning of 0.14 units (P < 0.05) (Table 7-4). 
7.3.5.3 Effect of weight at 100 and 150 days 
Weight at 100 days demonstrated a curvilinear association with meat browning reducing 
it by 0.02 units for each kg of weight, which was equivalent to 0.86 units across the 53 
kg weight range (P < 0.05). Weight at 150 days was associated with a reduction in meat 
browning of 0.02 units for each kg of weight, which was equivalent to 0.88 units across 
the 55 kg weight range (P < 0.01). 
7.3.5.4 Effect of change in weight between 100 and 150 days and growth rate at 100 
and 150 days 
Growth rate measured at 150 days and the change in weight between 100 and 150 days 
were both associated with an increase in meat browning (P < 0.01), while there was no 
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association with growth rate at 100 days. Change in weight between 100 and 150 days 
varied between -7.25 and 19.31 kg and growth rate at 150 days varied between -170.23 
and 393.49 g/day and across these ranges meat browning increased by 0.60 and 0.67 
units. The effect of growth rate at 150 days varied between sites and years. Between 
sites, meat browning increased by as much as 0.23x10
-2
 and as little as 0.10x10
-2
 units 
for each g of growth rate at 150 days. Between years, meat browning increased by as 
much as 0.24x10
-2
 and as little as 0.11x10
-2
 units for each g of growth rate at 150 days.   
7.3.5.5 Effect of adiposity 
 When correcting the growth models for short loin fat weight (P < 0.05) the 
magnitude of the growth covariates diminished by around a third. When correcting the 
growth models for intramuscular fat (P < 0.01) the magnitude of the growth covariates 
did not diminish. 
7.3.5.6 Effect of ASBVs 
When the ASBV model was corrected for weight at 150 days or growth rate at 150 days 
the magnitude of the breeding value effects reported by (Calnan et al., 2014) did not 
change. 
 
7.3.6 Phenotypic correlations 
The phenotypic correlations of the meat traits with weight and growth rate are presented 
in Table 7-6. For most traits there is a negative correlation with birth weight followed 
by a positive correlation with weight at 100 days. The phenotypic correlations generally 
aligned well with the phenotypic associations. 
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Table 7-6 Phenotypic correlations of isocitrate dehydrogenase (ICDH) activity, myoglobin concentration, iron concentration, zinc concentration and meat browning with lamb weight 
and growth rate. Standard error values in brackets. Significant correlations are in bold. 
            
  Birth weight Weight 100 days Weight 150 days Growth rate 100 days Growth rate 150 days 
ICDH Activity -0.05 (0.00) 0.00 (0.97) -0.04 (0.01) -0.05 (0.00) -0.05 (0.00) 
Myoglobin Concentration -0.08 (0.00) 0.11 (0.00) 0.11 (0.00) 0.02 (0.09) -0.07 (0.00) 
Iron Concentration -0.07 (0.00) 0.06 (0.00) 0.07 (0.00) 0.03 (0.01) -0.04 (0.00) 
Zinc Concentration -0.03 (0.03) 0.03 (0.04) 0.00 (0.98) -0.04 (0.00) -0.05 (0.00) 
Meat Browning -0.02 (0.12) -0.12 (0.00) -0.10 (0.00) 0.03 (0.04) 0.09 (0.00) 
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7.4 Discussion 
7.4.1 Isocitrate dehydrogenase activity  
Contrary to our hypothesis, the oxidative indicator enzyme ICDH showed a negative 
association with lamb growth. This association was consistent with both weight and 
growth rate measures including weight at birth, 100 and 150 days, weight change 
between 100 to 150 days, and instantaneous growth rate at 100 and 150 days. The 
negative association between lamb growth and ICDH activity is supported by the 
negative phenotypic correlations between ICDH activity and both weight and growth 
rate (Table 7-6). 
The strength of the association between weight and ICDH activity increased between 
100 and 150 days as indicated by the magnitude of change in ICDH activity across the 
range of weights, with this magnitude doubling from 0.39 µmol/min/g tissue at 100 
days to 0.78 µmol/min/g tissue at 150 days (Table 7-4). Supporting this change was the 
strong association between growth rate at 100 days and ICDH activity (i.e. 0.78) which 
would have gradually increased the strength of the association between ICDH activity 
and live weight. Therefore the window for growth rate to elicit the greatest change to 
oxidative capacity lies in the period between 100 and 150 days from the weaning to post 
weaning phase. 
ICDH activity has a strong positive association with intramuscular fat (Kelman et al., 
2014) which is similar in magnitude to the association between ICDH activity and 
weight at 150 days. Given that intramuscular fat increases with live weight (Chapter 6) 
the change in ICDH activity with growth may be associated with intramuscular fat or 
whole carcass adiposity. However, the correction of the growth models for 
intramuscular fat or short loin fat weight (indicating whole carcass fatness) had little 
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impact on the association between growth and ICDH, suggesting that the effect of 
growth on ICDH activity is independent of intramuscular fat. Bernard et al. (2009) 
showed a similar disassociation between muscle metabolism with growth and fat 
deposition in cattle. When short loin fat weight was included in the growth models it 
was not significant, and therefore did not diminish the association between growth and 
ICDH activity. This is not surprising given that short loin fat weight alone had no 
impact on ICDH activity (Kelman et al., 2014). Thus, it is can be concluded that growth 
drives reduced oxidative capacity and this is not simply a reflection of associated 
changes in fatness. 
Although the hypothesis for an increase in ICDH activity with lamb growth was based 
on a positive association between oxidative capacity and hot carcass weight there is 
evidence suggesting the reverse can occur. Selection for increased growth rate has been 
shown to shift muscle metabolism toward a more glycolytic and less oxidative type 
(Rahelic and Puac, 1981). This shift may occur as animals selected for growth tend 
toward a larger mature size (Huisman and Brown, 2008) having heavier carcass weights 
(Sharaby and Suleiman, 1988) but being proportionately less of their mature size at a 
given age. Thus they have more glycolytic fibres and lower levels of ICDH activity. 
Likewise, the impact of selection for leanness in lambs has also been shown to increase 
weight at 150 days (Chapter 4) and reduce ICDH activity (Gardner et al., 2007; Gardner 
et al., 2006b). Hence there is some basis for our results in the literature. 
What is less clear is why there was no phenotypic association (Kelman et al., 2014) or 
phenotypic correlation (Mortimer et al., 2014) between hot carcass weight at slaughter 
and ICDH activity. While Kelman et al. (2014) indicated increased oxidative capacity 
with heavier hot carcass weights, this was largely based on myoglobin concentration not 
ICDH activity. ICDH activity varied with hot carcass weight at two of the eight sites in 
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the study, increasing at one site and reducing at the other so the effect was quite 
inconsistent. With weight change increasingly dominated by fat deposition as animals 
approach slaughter, we speculate that there may a gradual uncoupling of the association 
between early life growth and muscle oxidative type, resulting in no hot carcass weight 
association at slaughter. Given the lack of consistent phenotypic association with ICDH 
activity, hot carcass weight alone should not be used as a proxy for growth at all stages 
of development when assessing its impact on muscle metabolic type.  
7.4.2 Myoglobin concentration 
The association between lamb growth and myoglobin concentration varied throughout 
the different phases of lamb growth. Myoglobin concentration had a negative 
association with weight at birth, suggesting an impact of in-utero growth rate, after 
which the association inverted and myoglobin concentration had a strong positive 
association with weight at 100 days (Table 7-4). These results align well with the 
phenotypic correlations between growth indicators and myoglobin concentration during 
this period (Table 7-6). 
While the association with weight from weaning onwards aligned with our hypothesis, 
and has been demonstrated previously (Beriain et al., 2000), the inversion between birth 
and weaning was unexpected. It did however highlight that the window for the greatest 
change to myoglobin concentration was between birth and weaning, with the magnitude 
of the increase in myoglobin concentration during this period being as large as 3.52 
mg/g tissue.   
The association between myoglobin concentration and growth rate was negative and 
strengthened between 100 and 150 days. This may explain the diminishing association 
between myoglobin concentration and live weight which decreased by about 20% at 
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150 days compared to 100 days. Nonetheless, the magnitude of the association between 
myoglobin concentration and slaughter weight, as indicated by the association with hot 
carcass weight in the Kelman et al. (2014) study, was a similar magnitude to that seen 
for weight at 150 days. This suggests that the negative association between myoglobin 
concentration and growth rate following weaning was not enough to uncouple the 
overall positive association with weight. During this same time period there is a shift in 
muscle fibre type with increasing hot carcass weight from a glycolytic to an oxidative 
metabolism (Greenwood et al., 2007). As myoglobin concentration is increased with 
oxidative capacity the association between myoglobin concentration and weight may 
stabilise post weaning due to a shift in muscle fibre type. 
As with ICDH activity, myoglobin concentration has a positive association with 
intramuscular fat (Kelman et al., 2014). To determine whether the change in myoglobin 
concentration with growth was simply a reflection of its association with adipose tissue 
the growth models were corrected separately for intramuscular fat and short loin fat 
weight. The inclusion of intramuscular fat had little impact on the magnitude of the 
association between myoglobin concentration and growth while the inclusion of short 
loin fat weight reduced the association by a third to a half. These results suggest that the 
impact of growth on myoglobin concentration is independent of intramuscular fat 
although not completely independent from whole carcass adiposity. Nonetheless growth 
still describes a significant amount beyond just that which is correlated with whole 
carcass adiposity. 
Myoglobin concentration is an indirect indicator of oxidative muscle type however the 
association with growth does not perfectly align with the results of the more direct 
indicator of oxidative metabolism in ICDH activity. This was also true in the Kelman et 
al. (2014) study where hot carcass weight impacted myoglobin concentration however 
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had no overall impact on ICDH activity, so the association between hot carcass weight 
and oxidative capacity was inconsistent. The lack of alignment between the two 
indicators is also evident in the window of growth during which both can be influenced, 
being during early pre weaning growth for myoglobin concentration and post weaning 
for ICDH activity. 
7.4.3 Iron and zinc concentration 
In general, the association between growth and iron and zinc concentration largely 
reflected the results of myoglobin concentration. This was particularly true for iron 
concentration, which had a negative association with weight at birth followed by a 
strong positive association with weight at 100 days that diminished slightly by 150 days 
in response to an strengthening negative association with growth rate  between 100 and 
at 150 days (Table 7-4). Again, these associations align well with the phenotypic 
correlations for iron which were negative with birth weight and positive with weight at 
100 and 150 days (Table 7-6). The phenotypic correlations between zinc concentration 
and growth were generally weaker, reflecting a lack of association with birth weight and 
weight at 150 days, a weak positive association with weight at 100 days and negative 
associations with growth rate at 100 and 150 days. Based on the phenotypic associations 
and correlations the window for greatest change to iron concentration is between birth 
and weaning, as was the case for the myoglobin concentration, with the magnitude of 
the increase in iron concentration during this period being as large as 0.51 mg/100g.  
The alignment in responses of myoglobin and iron concentrations to growth is not 
unexpected given myoglobin is an iron rich protein resulting in a high phenotypic 
correlation of 0.97 (Mortimer et al., 2014) between these two measurements. In Chapter 
6, the response of intramuscular fat to growth paralleled the responses of myoglobin and 
iron concentrations, including a window for greatest change during early life pre 
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weaning growth. This is likely to be due to the close association of these traits, each 
being linked to muscle fibre type and oxidative capacity (Hocquette et al., 2003; Jurie et 
al., 2007; Kelman et al., 2014). Given lambs are reliant on ewes for nutrition prior to 
weaning, and that the greatest window for change for these traits is pre weaning, there 
may be scope to influence intramuscular fat, myoglobin concentration and iron 
concentration in lambs by manipulating feed to ewes. 
Iron and zinc concentration are linked to oxidative capacity (Pannier et al., 2014b) and 
are therefore linked to oxidative fibre types (Gardner et al., 2007) so an increase in 
mineral content with increased weight was expected, however iron concentration was 
found to be more sensitive to changes in weight than zinc concentration. This aligns 
with the findings of Pannier et al. (2014b) of a larger increase in iron concentration with 
increasing hot carcass weight. In the current study, the total magnitude of change in zinc 
concentration due to weight at 100 days was equivalent to approximately 5% of the 
average zinc concentration, indicating a relatively small impact of weight on zinc 
concentration. 
Despite a negative phenotypic correlation for iron concentration and no significant 
correlation for zinc concentration (Mortimer et al., 2014) the impact of hot carcass 
weight on both iron and zinc concentration was positive, as reported by Pannier et al. 
(2014b). The magnitude of the association between iron concentration and slaughter 
weight, as indicated by the association with hot carcass weight in Pannier et al. (2014b) 
was a similar magnitude to that seen for weight at 150 days so the negative association 
between iron  concentration and growth rate was not enough to uncouple the positive 
association with weight. Similarly for zinc concentration, where the association with hot 
carcass weight was about 50% less (Pannier et al., 2014b) than with weight at 100 days, 
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the negative association between zinc concentration and growth rate did not completely 
uncouple the positive association with weight. 
Iron and zinc concentrations increase with intramuscular fat (Pannier et al., 2014b) and 
intramuscular fat increases with weight (Chapter 6) so the growth models were 
corrected separately for intramuscular fat and short loin weight to determine if the 
impact of growth was a reflection of increased adiposity. The results largely reflected 
those seen for myoglobin concentration, in that the inclusion of intramuscular fat 
generally had no impact on the magnitude of the association between growth and iron or 
zinc concentration while the inclusion of short loin fat weight reduced the associations 
by around a third to a half. The only exception was weight at 100 days, where both 
measures completely accounted for the association with zinc concentration. These 
results suggest that the impact of growth on iron and zinc concentration describes a 
significant amount beyond just that which is correlated with whole carcass adiposity.  
The impact of growth on myoglobin concentration, iron concentration and zinc 
concentration varied between sire types (Table 7-5). The effect on myoglobin 
concentration was strongest in Merinos at most times measured and did not change with 
correction of the model for short loin fat weight. This indicates a higher level of 
myoglobin in progeny of Merino sires at maturity, independent of whole body 
adiposity. Similarly, correction of the iron and zinc models for whole carcass adiposity 
did not change the variation of the impact of growth between sire types. 
7.4.4 Meat browning 
The reduction in meat browning with increasing weight was contrary to expectation but 
aligns well with the association between ICDH activity and weight. As oxidative 
metabolism is a key driver of meat browning (Calnan et al., 2014) it makes sense that a 
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reduction in oxidative metabolism, as indicated by ICDH activity, with increasing 
weight will result in a reduction in meat browning. Furthermore, these results align well 
with the negative phenotypic correlations between meat browning and weight (Table 
7-6). The lack of association between meat browning and growth rate at 100 days 
explains why there is no change in the magnitude of the association between meat 
browning and weight at 100 and 150 days (Table 7-4). The difference in association 
between meat browning and weight is greatest between birth and weaning indicating the 
period where the greatest change can be made.  
Meat browning is reduced with increased hot carcass weight at slaughter (Calnan et al., 
2014). The magnitude of the association is about two thirds the magnitude of the 
association with weight at 100 or 150 days in this study. This reduction in magnitude is 
due to the positive association between meat browning and growth rate starting to 
uncouple the negative association with weight.  
Meat browning has a positive association (Calnan et al., 2014) and phenotypic 
correlation (Mortimer et al., 2014) with intramuscular fat. Therefore, increases in 
intramuscular fat with increased live weight (Chapter 6) may increase browning. When 
the growth models were corrected for intramuscular fat the association with meat 
browning did not diminish. This suggests that growth impacts meat browning 
independently of associated changes in intramuscular fat, which aligns with the findings 
for ICDH activity. Alternatively, correction of the growth models for short loin fat 
weight reduced the association with meat browning by about one third. This indicates 
that the impact of growth on meat browning is not completely independent of whole 
carcass adiposity, although growth still describes a significant amount beyond its 
correlation with whole carcass adiposity. 
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The published impact of PWWT, PFAT and PEMD on ICDH activity and myoglobin 
concentration (Kelman et al., 2014), iron and zinc concentration (Pannier et al., 2014b) 
and meat browning (Calnan et al., 2014) did not change when corrected for weight at 
150 days or growth rate at 150 days. The effects of PFAT and PEMD did not change 
with correction for weight or growth rate at 150 days indicating that they are not 
mechanistically driven through the impact of growth, as evidenced by the lack of a 
PWWT effect on mineral content and meat browning. 
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7.5 Conclusion 
This study demonstrated that lamb growth impacts on muscle oxidative capacity, 
mineral content and meat browning. The key period for modulation of myoglobin and 
iron concentration was between birth and weaning with the magnitude of the responses 
reducing after weaning. As iron is a key component of myoglobin the alignment of the 
response was as expected. Birth to weaning was also the key period for modulation of 
meat browning, although the magnitude of the response does not diminish after 
weaning. They key period for modulation of the oxidative capacity indicator enzyme 
isocitrate dehydrogenase is later than for other traits reported, being between weaning 
and post weaning as the strength of the association between isocitrate dehydrogenase 
and live weight increases. Zinc was less sensitive to changes in growth although the 
responses which were present aligned with iron concentration.  As for intramuscular fat 
in Section 6.3.1.5, the response of myoglobin concentration, iron concentrations and 
meat browning to lamb weight inverted between birth and weaning indicating they may 
also be influenced by in-utero growth. In general, the impact of growth on oxidative 
capacity, mineral content and meat browning were not due to local adiposity while up to 
half the magnitude of the associations were due to a correlated increase in whole carcass 
adiposity. However, there was still a significant variation that was not associated with 
whole body fatness. Hot carcass weight, as a proxy for whole of life growth, provided a 
poor estimate of the impact of growth frequently underestimating the impact of growth 
on oxidative capacity, mineral content and meat browning. Hot carcass weight varies 
with age at slaughter, while growth at weaning and post weaning do not, contributing to 
the poor alignment of hot carcass weight and growth effects. Furthermore, hot carcass 
weight was unable to describe the impact of growth during different phases of growth. 
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Chapter 8. General Discussion 
 
8.1 Benefits of lamb growth to industry 
The growth of lambs from birth to slaughter is of vital importance to producers in the 
Australian sheep industry, while meat quality is of increasing interest to consumers 
(Pethick et al., 2006a; Pethick et al., 2006b). Currently, producers use Australian Sheep 
Breeding Values (ASBVs) to select for increased growth at birth, weaning and post 
weaning time points (Hall et al., 2002).  However, the impact of growth at these time 
points on meat quality has not been well characterised.  
Lamb growth can be tracked throughout life by measuring live weight at various 
intervals as they grow. However, lamb weight at individual time points varies greatly 
due to gut fill, time of day, length of curfew and other production factors. Furthermore, 
when dealing with large populations, not all animals are weighed at the same time. 
Hence there is a need to assign an accurate growth function through the available live 
weight data so that growth at equivalent time points of interest can be estimated.  
Three growth functions were fitted to the available live weight data collected on 18,185 
lambs to determine the function with the best fitting characteristics (Chapter 3). These 
functions were chosen to represent a difference in curve shape, linear or nonlinear, and a 
difference in fitting type, individual or population based. 
Subsequent to growth being estimated at weaning and post weaning time points 
(Chapter 4), the impact of growth at these times on meat quality was examined 
(Chapters 6 and 7). The indicators of meat quality examined were chosen due to their 
importance in consumer acceptability of meat and their links to muscle fibre type.  
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Muscle fibre type is of particular interest because it is linked to important traits of 
consumer acceptability such as fresh and retail meat colour, mineral content, ultimate 
pH and rate of pH decline, intramuscular fat and ageing rate. Therefore, growth may 
impact meat traits, and thus consumer acceptability, through its impact on fibre type.  
 Oxidative fibre type can be indicated by activity of the oxidative enzyme isocitrate 
dehydrogenase (ICDH) and by myoglobin concentration so the impact of growth on 
these markers was examined. The impact of growth on traits linked to eating quality, 
retail shelf life and nutritional qualities were examined. These included: 
Indicators of eating quality: intramuscular fat, shear force and consumer overall liking; 
and 
Indicators of meat nutrition: iron and zinc concentration; and 
Indicators of retail shelf life: rate of meat browning.  
 
8.2 Brody function 
The Brody function is a nonlinear function which is fitted individually to each animal’s 
weight records. It is commonly used due to its ease of estimation, with an ease of 
computation and a limited number of curves which do not converge (Kaps et al., 1999; 
Topal et al., 2004). Furthermore, the parameters have biological significance and are 
simple to interpret, representing mature body weight and maximum growth rate 
(Fitzhugh, 1976).  However, the Brody function had the poorest fitting characteristics of 
all three curves examined including the highest mean squared error indicating the 
greatest deviation of the estimated weights from the recorded weights. A contributing 
factor to this is the overestimation of weights during early life growth, a recognised 
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limitation of the Brody function (Beltrán et al., 1992).  To rectify this, a two function 
approach could be used, with a separate function fitted during early life growth and a 
Brody function fitted after the point of inflection of the growth curve. However, this 
unnecessarily increases the complexity of the curve fitting process and would also 
require the collection of more data points during this early growth period pre weaning. 
This was not done with this study due to the risk of mis-mothering of lambs, a practical 
challenge likely to limit the application of this approach.  
The scope to include further nonlinear growth functions in the comparison is virtually 
unlimited. The Brody function was used due to its ease of computation, however other 
nonlinear functions such as the Von Bertalanffy, Richards, Logistic and Gompertz 
functions have each been used to model lamb growth and may have been acceptable 
substitutes. 
 
8.3 Cubic polynomial function 
The cubic polynomial is a linear function fitting weight as a function of time only. As 
for the Brody function, it is fitted on an individual basis. Polynomial functions are 
attractive when modelling weight change due to the flexible nature of the curves 
increasing as the degree of polynomial increases from linear to quadratic to cubic to 
quartic and so on. While this appears advantageous there are limitations.  
It is difficult to know when to stop increasing the polynomial since with every increase 
in polynomial the curve will conform to the live weight data with greater accuracy. This 
results in smaller residual weights and a lower mean square error than for other curves, 
as seen in the first experiment. However this could result in the modelling of small 
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changes in weight including gut fill on a given day, which may not necessarily increase 
the understanding of how weight changes with time on a macroscopic level. The shape 
of the curve would fluctuate increasingly with the degree of polynomial and the 
trajectory, from which instantaneous growth rates are calculated, would be influenced 
by factors such as gut fill rather than whole of life trajectory.  
Increasing the degree of polynomial also increases by one the number of weight 
recordings needed for each animal. Thus, for a cubic polynomial to be fitted, an animal 
needs to have at least four data points. Therefore as the degree of polynomial increases 
the number of animals with sufficient weight recordings reduces, potentially limiting 
the application of this technique. In comparison, a Brody function can be fitted to 
animals with as little as three weight recordings.  
Polynomial functions are frequently asymptotic. This can result in extreme estimates for 
birth and adult weights. Brody curves may also have asymptotes however they are 
closer to horizontal so the estimated adult weight is relatively stable.  
Lastly, unlike the parameters of a Brody function, the parameters of polynomial 
functions do not have a direct biological interpretation. Therefore it is difficult to 
compare the results across studies or understand how they influence the fit of the 
growth curve.  
 
8.4 Random effects model 
A random effects model function fits a growth curve to the entire population of animals, 
with the growth curve of individual animals varying directly from the population 
growth curve. As it is based on a polynomial function it has similar limitations to fitting 
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a cubic polynomial. However this method is not as subject to bias as an individual 
Brody or cubic polynomial fit. This is because random effects models can accommodate 
different durations of data recording. Where weight data is missing in some animals, it 
is informed by other animals with similar production or genetic information.  Based on 
these properties, a random effects model can be fitted for an animal with as little as one 
live weight recording.  
The random effects model was hypothesised to have better curve fitting characteristics 
than an individual animal function fitted on an individual animal basis. While this did 
prove to be the case when compared to the Brody function, the fit was actually worse 
than for the individually fitted cubic polynomial function. The specific reason for this is 
unknown however the inclusion of animals with less than three or four weight 
recordings, which was not possible with a Brody or cubic polynomial function, did not 
significantly compromise the fit, increasing the MSE by around only 5%.   
An alternative population based fit not examined in this thesis is the use of spline 
functions, which do not require the growth function to follow a strict cubic polynomial 
form (McPhee et al., 2012). Rather, spline functions can force the growth curve through 
actual weight recordings. While this reduces the variance it also increases bias as the 
value of the smoothing parameter lambda increases to facilitate the curvature. Due to 
the large number of growth functions that exist, it was not possible to utilise each 
method. The limitations of potential functions were considered and splines were not 
used due to the bias they introduce. However, splines are not uncommonly used when 
modelling animal growth data so the method cannot be entirely discounted.  
From a pragmatic standpoint, each of the growth functions assessed gave a reasonable 
estimation of growth. Ultimately the random effects model offers a more powerful and 
flexible means of evaluating repeated live weight measures, particularly with respect to 
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accommodating animals with few live weight recordings, which is common with 
industry data. Random effects models are also subject to less bias than the Brody 
function, which is influenced when estimating weights near the edge of the available 
data. Therefore, the random effects model was used to estimate growth at weaning and 
post weaning time points, which were used to determine the impact of growth on meat 
quality.  
Based on the random effects model, weights and growth rates were estimated at key 
points in production. These were 100 days, 150 days and 240 days which represent the 
ages at weaning, post weaning and the average age at which post weaning ASBVs were 
calculated.  
 
8.5 Impact of environment on growth 
Growth is a function of environment. Environmental and production factors within this 
study included site of birth, year of birth, age, sex, birth type-rear type combination, 
dam age, dam breed and sire type (Chapter 4).  
Numerous studies have reported the impact of environmental factors on lamb growth 
hence the impacts on growth were generally as expected (Afolayan et al., 2007; 
Thatcher et al., 1991). However, this analysis represents a benchmarking study allowing 
comparison of magnitudes of effect for each of these factors based on large numbers of 
animals.  
The site at which lambs were reared had the largest effect on growth while the effect 
varied very little between years. The differences in growth between sites was partly due 
to differences in nutrition. However nutrition was confounded by environmental factors 
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such as rainfall, pasture types and fertiliser application, and no single factor explains all 
the variation in growth between sites. For example, annual rainfall at the Kirby site is 
50% greater than at the Trangie site yet lamb growth at Kirby was consistently low and 
at Trangie was consistently high.  
The effect of birth type on lamb growth was almost as large in magnitude as the impact 
of environmental factors at the site of rearing with multiple birth lambs having lower 
weights and growth rates. However, from a practical standpoint it is difficult to select 
against multiple births to ensure maximum lamb growth. Furthermore, the number of 
lambs weaned and is also a profit driver in lamb production which may be an acceptable 
trade-off for reduced growth.  
Production effects which producers can target include dam breed, dam age and sire type 
with lambs from dams less than four years of age and Terminal sires with Border 
Leicester x Merino dams increasing lamb growth. Of these, the magnitude of the sire 
type effect is greatest, and it represents as much as 80% of the magnitude of the effect 
of site.   
Production systems which are targeting accelerated lamb growth will increase success 
by ensuring adequate nutrition, in male lambs born to Terminal sires and Border 
Leicester x Merino which are less than 4 years of age.  
Nutrition is a key driver of lamb growth however there are production factors which can 
impact nutrition that were not directly captured by this experiment. For example, milk 
volume is reduced in Merino dams leading to reduced growth in lambs compared to 
Border Leicester-Merino dams. However the impact of colostrum volume and 
composition is unknown.  Colostrum volume and composition could be investigated, 
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particularly from single compared to multiple pregnancy ewes, to determine if 
colostrum quality was a source of nutritional restriction in addition to milk volume.  
While most of the results of this study are not new, the key outcome of this analysis was 
to provide a good basis for the comparative magnitude of these effects, based on large 
numbers of animals.  
 
8.6 Impact of genetics on growth 
The impact of selection for growth using ASBVs was quantified (Chapter 4). The 
magnitude of the effect increased with time, being larger at 240 days than at birth. 
However, as a proportion of the average live weight the effect diminished with time, 
being strongest at birth. There was no effect of the breeding values on instantaneous 
growth rate measured at 100, 150 and 240 days. The magnitude of the ASBV effects 
compared to production effects also diminished with time. For example, at birth the site 
of rearing (i.e. environmental effect) and the ASBV for birth weight had a similar 
magnitude of effect however by 240 days the ASBV effect was half the effect of site.  
While producers cannot control the environmental/site effects they are able to control 
ASBVs and genotype. Therefore, the magnitude of these effects is a more fair 
comparison. For example, the magnitude of the effect of the ASBV for birth weight is 
twice that for dam breed or sire type, so if birth weight is critical, ASBVs will have a 
larger effect. This effect is reversed at weaning and post weaning with the magnitude of 
difference between sire types close to double the magnitude of the growth ASBV effect. 
Therefore producers interested in higher growth at weaning and post weaning will have 
more of an impact by choosing a Terminal sire, although use of a Terminal sire in 
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combination with growth ASBVs will have the greatest impact on lamb growth. That is 
not to say that progeny of Terminal sires will always be heaviest as progeny from high 
PWWT Maternal sires are on average heavier than progeny from low PWWT Terminal 
sires. Thus expectations of weight must be tempered with knowledge of the interaction 
between production factors, such as sire type, and potential weights based on PWWT. 
The expression of growth breeding values, particularly sire PWWT, is limited by poor 
nutrition (Hegarty et al., 2006b). Following on from these findings, our study 
investigated different forms of nutritional restriction in dams or lambs due to siblings, 
dam breed, dam age etc. on the expression of growth breeding values. Nutritional 
restriction was found to moderate the full expression of growth breeding values.  
The cause of reduced expression of growth breeding values is important for producers 
to understand. It identified breeding objectives which may be in conflict. For example, 
producers selecting for multiple birth and increased lamb growth can now expect less 
genetic growth in multiples compared to singles.    
These findings are extremely important from an industry perspective. Firstly, they 
highlight nutrition as an important and powerful production tool for the manipulation of 
lamb growth. Secondly, these results highlight that production factors which limit the 
available nutrition, such as birth type, will depress the full expression of growth 
breeding values. Quantification of the magnitude of these effects are provided at birth, 
weaning and post weaning. 
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8.7 Fibre type and oxidative capacity 
Muscle oxidative capacity was a specific focus of this thesis as it reflects fibre type 
which is of central importance as it influences a number of meat traits of commercial 
importance, including meat eating quality, mineral content, and meat browning (Calnan 
et al., 2014; Pannier et al., 2014b; Pannier et al., 2014c). Therefore, factors that impact 
on muscle oxidative capacity may lead to correlated changes in these meat traits. 
Furthermore, a number of these factors are likely to be a reflection of the effect of 
growth rate on muscle oxidative capacity and fibre type. Thus characterising them in 
detail and then assessing their magnitude, after correcting for growth, enables us to 
asses which are simply a reflection of growth.  
Muscle oxidative capacity was indicated by isocitrate dehydrogenase activity and 
myoglobin concentration in this thesis (Chapter 5). Due to the large number of animals 
sampled in this experiment, and the costs and time associated with measurement, a 
pragmatic decision was made to include only two indicators of muscle oxidative 
capacity. This approach to assessing oxidative capacity has been taken previously in 
lamb. There are a number of other indicator enzymes that could have been measured to 
reflect oxidative (citrate synthase) or glycolytic (lactate dehydrogenase) capacity, as 
well as other histochemical and immunohistochemical fibre typing techniques. 
However, isocitrate dehydrogenase was chosen as it is a relatively consistent indicator 
of muscle fibre type (Gardner et al., 2006b). Myoglobin concentration was also used, 
not only for its links to aerobicity, but due to its phenotypic and genetic correlation with 
other important meat traits investigated in this thesis. These include a high correlation 
with iron concentration and meat browning (Mortimer et al., 2014).  
Despite the links of ICDH activity and myoglobin concentration with muscle fibre type 
and aerobicity their response to environmental and growth factors was not always 
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consistent. ICDH activity, which is linked to metabolic efficiency, was demonstrated to 
be more responsive to the environment than myoglobin concentration with a greater 
variation across sites and years. Conversely myoglobin concentration was less 
responsive to environmental factors and heavily driven by age.  
 
8.8 Impact of genetics on oxidative capacity 
Oxidative capacity increased with selection for increased PWWT ASBV. Although this 
was unexpected the shift in fibre type with growth could impact meat quality traits 
linked to fibre type. The impact of PWWT on isocitrate dehydrogenase activity negated 
through its association with whole body adiposity so the main impact of PWWT was on 
myoglobin concentration. Therefore, the traits linked to myoglobin concentration, 
namely zinc concentration and meat browning were likely to have similar responses to 
growth. This was particularly evident for iron concentration, which is intrinsically 
linked to myoglobin concentration (Hazell, 1982).  
The environment in which the lamb was raised had the largest influence on both 
indicators of oxidative capacity, being triple the magnitude of the effect of PWWT. The 
impact of growth ASBVs on oxidative capacity was only assessed at the post weaning 
time point. As myoglobin concentration changes significantly between birth and 
weaning it would be interesting to see if growth ASBVs at birth and weaning were 
impacted by weight at these times as they could be used by producers to manipulate 
oxidative capacity and meat colour.  
While there are currently no market price signals for eating quality that flow back to 
producers this is likely to change in the future. The impact of selection for growth on 
 224 
 
meat quality can be predicted and then tracked using gene markers and altered using 
quantitative breeding values if necessary.  
 
8.9 Impact of growth on oxidative capacity 
Myoglobin concentration changed markedly with weight between birth and weaning 
however the change in the negative association with weight at birth to a positive 
association with weight at weaning is not well characterised as few weights were 
recorded during this period (Chapter 7). 
As fibre type is linked to meat quality traits it is relevant to know the impact that 
selection for leanness and growth will have, and to know whether phenotypic growth 
will have an impact in addition to genetic selection for growth. The impact of selection 
using PEMD and PFAT ASBVs on oxidative capacity was generally unchanged with 
correction for phenotypic growth, indicating that these breeding values impact oxidative 
capacity through mechanisms not correlated with growth rate. This is not surprising, 
particularly given the growth breeding value itself (i.e. PWWT) also had minimal 
impact on oxidative capacity.  
While intramuscular fat was linked to an increase in oxidative capacity (Chapter 5) it 
was shown to be independent of its association with PFAT or whole body adiposity or 
muscularity (Chapter 5). An increase in growth reduced isocitrate dehydrogenase 
activity however this was independent of a correlated increase in adiposity with growth 
(Chapter 6 and Chapter 7). Thus growth impacts oxidative capacity independently of 
adiposity.  
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8.10 Impact of growth on objective and subjective measures of 
eating quality 
Intramuscular fat and shear force are important objective measures of eating quality 
which influence the subjective measure of eating quality, consumer overall liking 
(Chapter 6).  Intramuscular fat in particular influences the organoleptic properties of 
meat (Hocquette et al., 2010) and is clearly visible to consumers.  
As for myoglobin concentration, intramuscular fat changed markedly with weight 
between birth and weaning. The change was less dramatic for shear force, with no 
impact of birth weight followed by a negative association at weaning. For both traits the 
association had weakened by the post weaning time point (150 days) due to an 
increasing positive association with growth rate. The magnitude of the effect at weaning 
represented as much as a quarter the average total amount of intramuscular fat present at 
slaughter, while for shear force it was two fifths, indicating the size of the impact 
delivered through increased growth.  
The magnitude of the effect of growth on intramuscular fat or shear force was in part 
delivered through an associated increase in carcass adiposity. Within this study 
adiposity accounted for about a third to a half of the magnitude of the growth effect. 
Alternatively this still means that growth independent of its associated increase in 
adiposity still accounted for the remaining half of the effect.  
While there is currently no price premium for objective measures of eating quality in 
lambs, this may change in the future. This could occur with the development of an 
ASBV for intramuscular fat, which will allow intramuscular fat and carcass leanness to 
be controlled independently thus uncoupling the biological association. While it is not 
currently detectable, the impact of phenotypic growth could eventually impact overall 
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liking through its associations with intramuscular fat. Therefore it is relevant to know 
whether phenotypic growth will have an impact on these traits in addition to genetic 
selection for growth. 
The impact of selection using PEMD and PFAT ASBVs on intramuscular fat, shear 
force and overall liking was generally unchanged when corrected for phenotypic 
growth, indicating that these breeding values impact these traits through mechanisms 
not correlated with growth rate. This is not surprising, particularly given the growth 
breeding value itself (i.e. PWWT) also had no impact on intramuscular fat, shear force 
and overall liking.  
A key hypothesis was based on hot carcass weight, which is used as a proxy for whole 
of life growth rate (Pannier et al., 2014b; Pannier et al., 2014c) based on its high 
correlation with pre slaughter live weight. This study demonstrated that the effect of hot 
carcass weight on traits is a poor proxy for the effect of growth, overestimating the 
effect for intramuscular fat and shear force. Obviously this measure cannot describe the 
impact of growth during different phases of growth therefore the window for 
intramuscular fat and shear force manipulation during pre weaning growth had not 
previously been demonstrated.  
 
8.11 Impact of growth on mineral content of meat 
Iron and zinc concentration are important consumer health traits. As for myoglobin 
concentration, intramuscular fat and shear force, iron concentration changed markedly 
with weight between birth and weaning (Chapter 7). This is not surprising given that 
iron is a key component of myoglobin (Hazell, 1982). The change was less dramatic for 
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zinc concentration which was less sensitive to lamb weight, as indicated by a reduced 
association with hot carcass weight compared to zinc concentration. Arguably however, 
the profile of iron in human health is more prominent than zinc so the stronger 
association of lamb weight is of more commercial significance.  
As for measures of oxidative capacity as well as subjective and objective measures of 
meat quality, the magnitude of the effect of growth on iron and zinc concentration was 
in part delivered through an associated increase in carcass adiposity. Within this study 
adiposity accounted for about a third to a half of the magnitude of the growth effect on 
iron and zinc concentration. This suggests that growth, independent of the associated 
increase in adiposity, accounts for at least half the effect. 
As for other traits, it is relevant to know what portion of the impact of PFAT and PEMD 
ASBVs were delivered through their correlated effects on growth. The impact of 
selection using PEMD and PFAT ASBVs on mineral content was unchanged with 
correction for phenotypic growth, indicating that these breeding values impact iron and 
zinc concentration through mechanisms not correlated with growth rate. This is not 
surprising, particularly given the growth breeding value itself (i.e. PWWT) also had no 
impact on mineral content.   
As for other oxidative capacity as well as objective and subjective measures of eating 
quality, the impact of hot carcass weight on iron and zinc concentration (Pannier et al., 
2014b) was shown to be a poor proxy for growth, underestimating the effect.   
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8.12 Impact of growth on meat browning 
Meat browning is costly to retailers due to discounting of otherwise safe and saleable 
meat. The rate of meat browning is slower in heavier lambs, with the magnitude of the 
effect increasing in the birth to weaning period then reaching a plateau (Chapter 7). This 
was contrary to expectations as increased growth is associated with increased 
intramuscular fat, which accelerates the rate of browning due to the auto oxidation of 
lipid. Alternatively, the results align well with the associated reduction in oxidative 
capacity with weight during the same period.  
When the growth models were corrected for intramuscular fat there was no change in 
the effect of growth on intramuscular fat, further emphasising that intramuscular fat 
isn’t driving more rapid browning. When the growth models were corrected for whole 
body adiposity, the magnitude of the impact on meat browning reduced by one third. 
Thus the impact of growth on browning is only partially explained by its correlation 
with adiposity.  
As for the traits mentioned previously, the impacts of PFAT and PEMD on meat 
browning were not delivered through mechanisms correlated with growth rate since 
they did not change with correction for phenotypic growth. This was as expected given 
the lack of association between PWWT and meat browning.   
The effect of hot carcass weight (Calnan et al., 2014) was found to be a poor proxy for 
the effect of growth, underestimating the effect on meat browning.  
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8.13 Impact of growth on meat traits 
Several meat traits had a similar period in which they were influenced by growth and a 
similar pattern of change with growth. These are likely to be linked to fibre type. 
Birth to weaning: Intramuscular fat, myoglobin concentration, iron concentration and 
meat browning are impacted by lamb growth during this period. Although growth 
between birth and weaning is now known to be a key driver for the manipulation of 
these traits, it is still a three month window. Greater precision would allow for targeted 
manipulation of ewe nutrition to impact the traits. These traits may also be influenced 
by in-utero growth as the association with weight inverts between birth and weaning.  
Pre weaning: Zinc concentration and shear force are impacted by lamb growth during 
this period.  
Post weaning: ICDH activity is impacted by lamb growth during this period.  
Arguably increased pre weaning growth leading to heavier lamb weights has a positive 
impact on traits impacted in this period resulting in higher levels of intramuscular fat, 
myoglobin and iron concentration, a reduction in shear force and meat browning. While 
increased intramuscular fat with growth may become a consumer health issue in the 
future its uncoupling from whole carcass adiposity using an ASBV would avoid large 
visible layers of subcutaneous fat in lambs with increased intramuscular fat, minimising 
the impact on visual appeal.  
Associations between meat traits and lamb growth beyond 150 days were not 
investigated in this study as the window for greatest changed was in the pre weaning 
period for most traits. Other traits related to meat quality which are likely to be 
influenced later in life, such as muscle glycogen concentration, would benefit for 
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investigation of associations later in life. Due to a lack of bias, random effects models 
can be used to estimate growth later in life, despite a reducing proportion of animals 
having weights recorded after the post weaning time point.   
Environment had the largest effect on most traits and in general this was the same or 
larger than the impact of growth on traits. Therefore, growth impacted most traits 
however was not a large driver of the traits relative to the magnitude of environment, 
although it had a larger effect than some production factors such as sex or sire type.  
This warrants further investigation.  
Further investigation may also include the change in magnitude of the impact of 
production factors on traits, e.g. birth type, after correction for growth.  
 
8.14 Adjustments to experimental design 
Information Nucleus Flock Design 
This thesis is based on information collected as part of the Information Nucleus Flock 
experiment. The comprehensive design allows the assessment of production, phenotypic 
and genetic effects (Fogarty et al., 2007; van der Werf et al., 2010) however there are 
areas of the design that could be addressed differently. Ewe lambs from Maternal and 
Merino progeny were retained so no slaughter information is available for these 
animals. As a result sire type comparisons are only possible in wether progeny of 
Merino dams where Terminal, Maternal and Merino sire types were represented 
equally. Similarly it was only possible to compare dam breed effects within the 
Terminal sired lambs as Border-Leicester x Merino dams were not used in the Merino 
and Maternal sire type groups.  
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Many analyses highlighted the large effect of site or rearing, reflecting environment, on 
traits. Within the design of the Information Nucleus Flock it was not possible to 
measure all factors contributing to the effect of environment however these could 
include pasture availability and feed type, worm burden and weather conditions. If these 
factors were known in detail the impacts of nutrition, disease and climate could be 
teased apart from the generic environmental effect. Measures were taken to reduce bias 
caused by these factors by balancing the sites for key factors of sire type and breeding 
value impacts by ensuring a representation of sires across all sites.  
Frequency of weight recording between birth and weaning 
In this experiment live weight was infrequently measured between birth and weaning at 
approximately 100 days. The lack of data available in this time reduced confidence in 
the ability to make a good estimation of growth between these times so it was difficult 
to characterise how the relationship between growth and traits such as intramuscular fat 
and myoglobin concentration changed between birth and weaning. Therefore, a 
mechanistic experiment where lambs on divergent growth paths were weighed 
frequently, every 7-10 days, would help to characterise the associations between growth 
and meat quality traits at slaughter.  
Accounting for wool growth 
When growth functions were fitted to lamb live weight data no adjustment was made 
for the approximate wool weight at the time of measuring live weight. Likewise no 
adjustment was made for the reduction in live weight at shearing due to the loss of 
wood. The impact of wool weight on the fit of the growth function was expected to be 
small, as wool weight is a small proportion of live weight, particularly when wool 
length is short. Furthermore, the effect of wool weight would be captured, within small 
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groups, by the kill group effect. Therefore no adjustment was made in this study. 
However, since it is possible to estimate the weight of wool during lamb growth, and 
accounting for this may make a small improvement in the precision of the growth 
function fit, this would be a consideration in future experiments.  
 
8.15 Future studies 
Curve fitting methodology 
Random effects models offer significant advantages in terms of flexibility in the 
estimation of lamb weights however it is based on linear functions. An improved 
scenario would be a random effects model which utilises a nonlinear function so that the 
curve parameters would have a simple biological interpretation. The usefulness of a 
curve with this methodology has been expressed by various authors and to this end a 
random effects model based on a nonlinear Brody function is being developed 
subsequent to this thesis.  
Estimated or recorded weights 
In this thesis growth curves were used to estimate lamb weights rather than using the 
measurements routinely collected in industry at weaning and post weaning. This was 
undertaken as estimated weights are less influenced (within each animal) by factors that 
cause large day to day fluctuations in weight, such as gut fill. However it would be 
useful to compare the outcome of using estimated weights with routinely collected 
measurements in industry. If the magnitude of the effect of growth on traits was similar 
using routinely collected measurements then the additional effort required to derive 
growth curves may be unnecessary.  
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Growth rates between birth and weaning 
Growth had the greatest impact on several traits between birth and weaning. Isolating 
the specific window during which growth most heavily impacts these traits will allow 
producers to have more control over manipulation of these traits. For example, traits 
which are heavily influenced by growth in early life could be manipulated through dam 
nutrition or the use of the ASBV for birth weight, which has a magnitude of effect as 
large, or larger, than most production effects. To achieve this it would be necessary to 
perform more frequent weighing of lambs during the birth to weaning period.  
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